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Abstract

This thesis discusses the development of test environments using Xilinx Zynq System
on Chip (So() for measuring leakage currents and radiation qualification of Static
Random Access Memory (SRAM) based Field Programmable Gate Arrays (FPGAk)
at European Organisation for Nuclear Research (CERNI]). The effects of radiation on
electronic components are explained, followed by an introduction to the used.
The GateMate [FPGAL leakage current is measured in its application area with respect
to temperature and core voltages. A comparable testing environment is used from the
tester to the tested device, as it will later be used at [CERNl The GateMate is being
prepared in this setup for the finalization of radiation qualification at [CERN] to be
transferred later. For this purpose, the basic tests are explained and the outstanding
tests are then carried out. The Lattice iCE40 UltraLite [FPGAl is used in an initial
application test to determine its suitability for further radiation qualification tests at
[CERN] The analysis and presentation of the test results are followed by a summary and
outlook.

Diese Arbeit behandelt die Entwicklung von Testumgebungen mit einem Xlinix Zynq
SoC zur Messung von Leckstromen sowie der Strahlenqualifizierung von basierten
am [CERNl Zunéchst werden die Effekte von Strahlung sowie deren Wirkung auf
elektronische Komponenten erldutert. Anschliefend wird eine Einfiihrung in die verwen-
deten [FPGAk gegeben. In der Durchfiihrung wird der Leckstrom des GateMate [FPGAk
in seinem Einsatzbereich hinsichtlich Temperatur und Core-Spannungen gemessen. FEs
wird eine Testumgebung mit dhnlichen Verbindungen zwischen Tester und Testgerét
verwendet, wie sie spiter bei Bestrahlungsstudien am Anwendung findet. Der
GateMate wird in diesem Setup fiir die Finalisierung der Strahlenqualifikation vorbere-
itet, um die spitere Inbetriebnahme am [CERN] zu beschleunigen. Dazu werden die Tests
grundlegend erldutert und die noch ausstehenden im Anschluss durchgefiihrt. Der Lat-
tice iCE40 UltraLite [FPGA| wird in einem ersten Applikationstest eingesetzt, um seine
Eignung fiir weitere Tests zur Strahlenqualifikation am zu bestimmen. Die Ergeb-
nisse aller durchgefiihrten Tests werden ausgewertet und dargestellt. Abschliekend wird
eine Zusammenfassung mit Ausblick présentiert.
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1 Introduction

How does the world work and what keeps it all together? Scientists around the world
are asking themselves questions like these, and some of them are being explored at
the European Organization for Nuclear Research (CERN), to find answers. [CERNI is
the largest particle physics laboratory in the world. In different facilities particles are
accelerated to let them collide with each other or on a target. An overview of the whole
accelerator complex in 2022 of can be seen in figure [I.1]

The CERN accelerator complex
Complexe des accélérateurs du CERN

Neutrino

Platiorm

]
1
1
'
'
1
|

2010 (27 km)

TT42

i AWAKE
HiRadMat
T66
T MEDICIS
AD N
2020 (3 ISOLDE
.
L REX/HIE- | FEastArea !
RL ISOLDE H :
: : /C :
n_TOF &_ =<y :
Em Ja PS 1 !
ek e .
| % LINAC 4
' CLEAR
e LEIR —D—L|
fons !
p H™ (hydrogen anions) P ions P RIBs (Radioactive lon Beams) P n (neutrons ) p (antiprotons) P e (electrons) p p (muons)

LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
Electron Accelerator for Research // AWAKE - Advanced WAKefield Experiment // ISOLDE - Isotope Separator Online // REX/HIE-ISOLDE - Radioactive
EXperiment/High Intensity and Energy ISOLDE // MEDICIS // LEIR - Low Energy lon Ring // LINAC - LINear ACcelerator //

n_TOF - Neutrons Time OF Flight // HiRadMat - High-Radiation to Materials // Neutrino Platform

Figure 1.1: CERN Accelerator Complex

The most famous and largest one is the Large Hadron Collider (LHC) [6]. High energy
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particle beams are accelerated to let them collide in one of four experiments. These
are A Toroidal LHC ApparatuS (ATLAS]), A Large Ion Collider Experiment (ALICE]),
Compact Muon Solenoid (CMS)) and Large Hadron Collider beauty (LHCD).
and are used for studying the standard model and for example particles that make
up dark matter. These two experiments led to the discovery of the Higgs boson in 2012
[1]. is used to study the physics of strongly interacting matter at extreme energy
densities, which forms quark-gluon plasma [5]. At the [LHCH the differences between
matter and antimatter are studied.

To ensure error-free operation of all the systems, the electronics which are used for control
and measuring have to be able to work without failure under harsh conditions. Depend-
ing on where parts are placed in the accelerator complex, they are disposed to various
levels of radiation. This can effect the electronics in different ways. Therefore it is nec-
essary to characterize a devices behaviour and tolerance under irradiation. It would be
costly and time consuming to produce specially designed devices to withstand exposure
in all of these areas. To reduce costs, Commercial Of The Shelf (COTS)) electronics are
used. is testing parts in different facilities to find out if they will work under the
expected conditions and when they need to be replaced to prevent failure.

Field Programmable Gate Array (FPGAls are devices, that are used extensively in ac-
celerator electronics. Therefore these are being tested to evaluate their potential for use
in different accelerator areas. [FPGAl's are that are widely spread on the market
and very flexible in use. These devices can be freely configured for the required use case.
By hardware design in a Hardware Description Language the system can be op-
timized for its task and even reused for a new task by rewriting the configuration with a
new design. This allows the usage of one device type for many different tasks, while an
Application Specific Integrated Circuit [ASIC]) for example can only be used for its one
use case.

For the qualification of parts and devices at [CERN| the Radiation Hardness Assur-
ance (RHA]) process is performed [7]. This process includes seven phases which are
shown in figure [[.2
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Step-by-step RHA process

Time

Functional description/blocks
Radiation environment
System/Components description and radiation requirements
Component-level tests
System-level tests
Installation approval

Operational follow-up Phase 6

+ Phase

Figure 1.2: Phases of the [RHAI process at {CIBIHEIH

At the beginning of the process, during phase zero, the specifications must be
established. The expected radiation exposure is determined in phase one. In phase two,
the maximum failure rate for both the system and its components per year and lifetime
are defined. Subsequently, different components are subjected to initial setups for
or Displacement Damage (DD testing. These assessments are carried out at both
internal and external facilities. In phase four a system is tested in a mixed radiation
field available at [CERNfs CERN Highly Accelerated Mixed Fiel Facility (CHARM)),
which provides a comparable environment to the expected conditions in the [LHC area.
Only after the successful completion of these previous steps will the system be deployed
in phase five and monitored for performance in phase six. For this master thesis, phase
three is the most relevant. The [FPGAE to be tested will be prepared for this step of the
and the results evaluated.

The first goal of this thesis is to become familiar with the GateMate and to
replicate the irradiation test setups from previous campaigns at as documented
in [14]. The focus will be on achieving technical proficiency and reproducibility.
Two outstanding tests, that were not finished previously, must be performed. The
already collected data of the [TIDMest will be evaluated with focus on the relation of
frequency between the implemented Ring Oscillators over radiation dose. Furthermore
the Lattice iCE40 UltraLite [FPGA] will be introduced and an application test will
be carried out to see if this type of [EPGAlcould be of interest for future projects at [CERNI
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An overview of general radiation effects is given first. This is followed by a brief
explanation of the expected effects of radiation on [FPGAk. The test preparation setup
includes two [FPGAk. The GateMate integrated on an evaluation board [11] and a
Xilinx FPGA integrated on a Zedboard [28]. The GateMate will be the [FPGA] under
test, while the Zedboard will serve as the controlling device. For testing at the
controlling device is the Microzedboard [17] and the tested devices are the GateMate
and the iCE40 UltraLite integrated on the Breakout Board. In addition, the required
software and hardware is documented with basic information.

For the project’s initiation and to familiarize oneself with the GateMate evaluation
board, as well as to acquire basic proficiency in available software libraries a test is
conducted to measure the GateMate’s leakage current. The GateMate is tested at
various temperatures and core voltages while it is kept in a reset state. The test setup
consists of a Zedboard, power supply, multimeter, and Thermostream. For radiation
qualification at [CERN] a basic explanation of the tests previously performed with the
GateMate is provided, outlining their set up and functionality. Two outstanding tests
are performed and their setups are explained in more detail with the evaluation of the
results. Finally, the Lattice iCE40 is introduced in an application test, which is
explained as well and the results are evaluated in terms of further research.



2 Radiation effects and their impact on
electronics

When electronics are exposed to radiation, various effects can occur and influence
their behaviour. The following chapter describes the basics of these effects. First, the
general effects of radiation on matter are discussed, followed by the effects that occur in
electronic components. These general effects are also described in [22] and the effects on
related electronics are described in |14] and [23)].

Relevant physical quantities in this context are flux, fluence, and dosis. The dosis
represents the energy deposited by ionizing radiation and corresponds to the absorbed
energy per kilogram of matter, denoted as Gy[J/Kg]. Flux and fluence are related,
with flux referring to the amount of particles passing through an area per unit time,
denoted as f[p/ecm?s]. The fluence representing the integral of the flux over a time
period, denoted as ®[p/cm?].

2.1 Interaction with matter

Depending on the material and the type of particles, different effects can occur. These are
then also dependent on the energy of the impacting particle. Such effects may be classified
as those induced by photons, neutrons, or charged particles. Figure illustrates the
potential interactions arising from these particles.
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Figure 2.1: Radiative interactions|22|

The interactions with photons are the following;:

e Photoelectric effect
The photons energy has to be close or similar to the binding energy of an orbital
electron. When they interact, all the energy of the photon is given to the electron,
which in effect is ejected from the atom.

e Compton effect
The photons energy has to be much greater then the binding energy of the electron.
In this case, some of the photons energy is transferred to the electron, which in
effect is ejected from the atoms orbit. The photon looses some energy and gets
scattered.

e Pair production
The photons energy has to be higher than 1MeV and it has to pass very close to
the nucleus of the atom. Then the photon may lose all of its energy, which effects
in an electron/positron pair.

Neutrons can only have nuclear interactions, which are displayed at the right of

e Neutron absorption
The neutron (mainly thermal neutrons with an energy of about 25meV) gets ab-
sorbed by the nucleus, which then is in an excited state. By emitting one ore more
photons, the nucleus leaves this state.
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e Fission
The neutron gets absorbed by a heavy nucleus, which then splits into smaller nuclei.
In this effect, energy is released in form of neutrons and photouns.

e Elastic scattering
The neutron collides with a nucleus and gets scattered. Some energy is transferred
to the nucleus, which also scatters.

e Inelastic scattering
The neutron gets absorbed by a nucleus. In effect it emits a neutron with lower
energy and is in an excited state. Similar to neutron absorption, the neutron leaves
this state by emitting one ore more photons.

With heavy charged particles, both nuclear interactions and coulombic interactions can
take place. Examples for these are particles with a charge unequal to zero, like pions
(7%) |, protons (pT), kaons (K*) or muons(u®).

e Bremsstrahlung
When a light charged particle passes close to a nucleus, it becomes deflected. Some
of its energy is converted to a photon.

e Ionization
When a charged particle with high enough energy passes close to an orbital electron,
the electron is ejected from its orbit

e Excitation
When a charged particle passes close to an orbital electron, the electron can move
between the inner shells and release photons in this process. The energy of the
particle has to be lower than the binding energy of the electron.

The ionization of an atom is called direct tonization, if the interaction happens directly
from the striking particle. Newly generated particles can than also ionize atoms, which
then is called indirect ionization. In effect of these interactions, energy loss is taking
place until the particle is completely stopped. The energy loss can be categorized into
two groups.

e Ionizing Energy Loss (IEL)
is the energy which is lost in effect of the interactions causing ionization.

e Non Ionizing Energy Loss (NIEL)
NTET] is the energy which is lost in the nuclear interactions, causing

The Linear Energy Transfer (LET]) is the rate of energy loss along the path of the particle.
It can be described by the following equation
dE

LET = — 2.1
= (2.1)
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By normalizing this equation to the material density p, the mass stopping power can be

described with 2.2
1 dF

S (2.2)

When passing through matter, the [LET] value is strongly dependent on the material and
the particle. Most of the energy is released just before the end of its way. This point is
also called Bragg Peak. The total energy that is emitted and absorbed by the material
is called Total Ionizing Dose and can be determined with the formula and use
of the unit conversion parameter K, with the value K = 1.621077 Gy g MeV.

LET
TID = K/@ p, E)dE (2.3)

2.2 Impact on electronics

All possible radiation effects have the potential to impact electronics. The effects range
from brief, unperceived events to damage that renders the device inoperable. The effects
categorize into the following types.

e Cumulative effects
Every effect on the device lead to a degradation and is accumulated up over the
whole lifetime. So for example the current consumption is rising more and more
over a long time until the device just stops working.

e Single Event Effect
This effect has a singular impact on the behaviour of the device and can be classified
as either destructive and non-destructive.

In order to keep the focus on the relevant topic, the following effects are related to CMOS
technology, as the Device Under Test was manufactured using this technology.

2.2.1 [TIDI Effects

[TID] Effects occur due to the ionization of insulation materials, specifically the silicon
dioxide film used in Metal-Oxide Semiconductor Field-Effect Transistors MOSFET! This
ionization generates electron-hole pairs that result in the accumulation of charges, leading
to degradation of device performance. It should be noted that this effect is more pro-
nounced in Metal-Oxide Semiconductor Field-Effect Transistor (MOSFET])s with thicker
gate oxides, i.e. those with thickness greater than 5 nanometers, where the affected layer
lies between the gate and the SiO9/Si interface. Modern technologies are less susceptible
to this effect because they employ smaller gate oxides. For these types of devices,
effects occur within the Shallow Trench Isolation (STI) oxide, which isolates the tran-
sistors from each other. The accumulation of charges can cause current to flow between
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the drain and source, resulting in an increase of leakage current, which is illustrated in
Figure This effect impacts the overall power consumption of the device.

[ p-type
[ n-type
- Si0:

B B interface traps
Figure 2.2: [TTD] effects leading to a leakage current in the [STI oxide ||

with thicker gate oxides, see figure are still used for input and output
interfaces in [FPGAL, due to their better tolerance to higher voltages. Here the [TTD] can
result in a shift of the threshold voltage. The following example for this process take
place in the oxide of an n-channel
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Figure 2.3: N-Channel MOSEFET] structure ||

1. Electron-hole pairs are generated by the striking particle (amount dependent
from its energy). The electrons will flow in direction of the gate, while the holes
flow towards the SiO2/Si interface. Some electrons may recombine on their way
with holes. The fraction of electron-hole pairs that not recombine and escape is
called the charge yield.

e 2. The electrons escape trough the gate, while the holes drift trough the SiO; layer
in direction of the substrate.

e 3. Holes travelling trough the oxide can be trapped and lead to oxide traps. Fur-
thermore holes release protons while travelling, which can be trapped at the SiOy/Si
interface and so are called interface traps.

e 4. Both traps are resulting in a shift of the threshold voltage. The interface traps
additionally reduce the mobility of the charge carriers.

Figure 2.4] shows the explained effects from left to right comparing to point one to three.

Figure 2.4: [TTD] effects in the gate oxide ||

10
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The build-up of charge has a different impact on pMOS and nMOS transistors:

e nMOS
It will be easier to create an inversion channel with the already build charge.
Turn on voltage is lowering -> until threshold voltage becomes negative and it is
not possible to turn off.

e pPMOS
A higher voltage is needed at the gate to create an inversion channel.
Turn on voltage needs to be higher -> until threshold voltage is higher than the
applied supply voltage and it is not possible to turn on.

The shift of the threshold voltage can be described by the following equation:

1 1
AN =Vor + —
Con or="1e

AVTH = —q = VIT (2'4)
The C,; is the oxide capacitance, AVpor stands for the oxide-trapped and the AVyp for
the interface-trapped charge. The plus or minus in the second term depends on the type
of the MOSFET] For p-channel the minus and for n-channel the plus is used in the
equation

2.2.2 Single Event Effect (SEE])

[SEE] effects are divided between destructive [SEEL, which possibly permanently damage
a device and non-destructive [SEEL, which can potentially be undone by resetting the
device. Destructive are:

e Single Event Latch-up
If a low impedance path between power supply and ground of the device is created,
a higher current can occur and cause a fatal damage. The effect can be stopped by
a power cycle.

e Single Event Burnout (SEB))
When a heavy-ion cause a second breakdown in a [MOSEET] the device can fail
because of thermal runaway and the resulting high current.

e Single Event Gate Rrupture (SEGR))
A heavy-ion can cause a conducting path in the gate oxide. This results in a larger
field across the dielectric, until it exceeds a limit and causes gate rupture.

11
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Non-destructive are:

e Single Event Upset (SEU)
The particle that hits the device, has an energy high enough to invert a logic state
of a storage element. By rewriting the memory this error can be corrected.

e Multiple Event Upset
In this case, multiple storage elements close to each other can be affected at once,
because of the lateral diffusion. This effect is also called Multiple Bit Upset (MBU]).

e Single Event Transient
A voltage spike can propagate through the device for a short time. It is possible
that it is not even noticed.

e Single Evenet Functional Interrupt (SEFT)
An ion particle can cause a temporary failing state. It is possible that the state
recover after a while, or the systems needs a reset.

Further explanations, as well as test procedures for can be found in [4].

2.3 Mitigation techniques for radiation effects

Whenever an occurred, it is possible to undo it by rewriting the corrupted storage
element. This is only feasible if the effects are non-destructive. However, it is still
possible for a single effect to cause the entire system to fail depending on the running
setup. As a result, engineers have developed various methods to minimize these impacts
[16].

Memory scrubbing

Like already mentioned, it is possible to rewrite an effected memory in case of an
upcoming event. To check if the configuration is corrupted, one approach is the so
called memory scrubbing. The configuration is stored in a second independent memory.
By an external configuration manager, the memory of the device is read continuously
to compare it with the reference in the secondary memory. In the case of a difference,
the configuration will be rewritten. This process avoids the accumulation of errors that
could result in design failure.

Error Correction Code (ECC)

This approach checks a memory by the use of channel codes like the Hamming code
to detect bit flips. Furthermore a detected flips are corrected. The GateMate [FPGAI
provides this feature for checking its memory blocks to detect single flipped bits and to
correct them as well. Two bit errors can only be detected. This technique is explained

12
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in [14], but was not implemented for the tests.

Triple Modular Redundancy (TMRI)

One of the most common techniques, which is used for the test setups in this thesis
as well, is triple module redundancy (TMR]). For this approach, each flip-flop or even
a whole module is set up three times. The level of triplication can for example be
decided by the availability of resources. Depending on the implementation technology,
the [TMRI can be integrated by software automatically or manually by the user, which
is then referred to as block However, manual integration is often less effective
then integration by software. The same input is used three times, and the output
is determined by a voter. This voter chooses the correct output by majority, if one
of the three values is affected by an[SEUL The structure of this setup is shown in figure[2.5]

Flip-Flop or
Module

Flip-Flop or

Input Module L

Output

Flip-Flop or
Module

Figure 2.5: Principle of the Triple Modular Redundancy (TMR])

These techniques can optimize a design for the expected conditions. Other techniques
are also available, but for this test [TMRIis chosen and implemented at block level for
comparison of the characteristics of an unprotected design. If the system fails during
testing, the design will be rewritten and the device will be restarted. As previously
stated in the introduction, a device must undergo the process at [CERNl Step
three consists of preparing component-level tests for the device, which will be described
in chapter

13



3 Leakage current and temperature

As mentioned in chapter 2.2.1] the leakage current of a increases with
and can cause device damage. Temperature also affects the leakage current [18]. As the
temperature rises, the threshold voltage of a decreases and the charge carrier
mobility is reduced. This can result in two opposing effects. When the gate-source volt-
age is low, the lowering of the threshold voltage has an higher impact than the lowering
of the mobility, resulting in an increase in current. However, at high gate-source voltages,
the lowering of mobility dominates and the current decreases. It is important to note
that the leakage current is measured in a reset state, with the objective of differentiating
between dynamic and leakage current consumption. In the reset state, only the N-MOS
or the P-MOS transistors of a CMOS structures are turned on. As temperature rises, the
transistor turned off becomes more conductive, resulting in an increase in leakage current.

The equation describes the threshold voltage (Vrpy) with T representing the tem-
perature and the zero suffix indicating the operating point of a value. Alpha is the
temperature coefficient, which is negative for a silicon structure.

Vru(T) = Vo * (1 + ax (AT)) (3.1)

When the temperature increases, AT increases as well. Since alpha is negative for silicon,
the threshold voltage decreases as the temperature rises. Additionally, the threshold
voltage affects the drain current (Ip), as described in equation where Vgg is the
gate-source voltage and Vy is the thermal voltage. The zero suffix refers to a value at
the operating point.
Ves—Vru

ID:IDo*e Ve (32)
It is evident that as the threshold voltage decreases, the value in the exponent of the
e-term increases, causing the e-term to become larger. As a result, the drain current in-
creases, which should ideally be zero for low power consumption. This effect significantly
impacts the static power dissipation of a device. To demonstrate this behavior the leak-
age current of the GateMate [FPGAl is measured across its entire specified temperature
range.

14



4 [FPGAI basics

F'PGAE are integrated circuits that can be configured for a wide range of tasks. By the
use of a Hardware Description Language (HDL]) a hardware design can be generated to
describe the needed functionality which should be implemented. consist among
other things of input and output interfaces, clocking sources and configurable logic
blocks [CLBE, which are interconnected in a routing structure. One of the significant
advantages is the possibility of reconfiguration, allowing the optimization of a single
device for multiple tasks.

At [CERNI [FPGAldevices are widely used. They are that are flexible in their
application, have high performance and are less cost intensive in acquisition and re-
placement than special build products. For the accelerators many are used to
analyze process data. Due to the variable radiation levels in the accelerator environment,
an understanding of the behaviour of under such conditions is critical for safe
operation and selection of the right devices or countermeasures.

Several companies manufacture various with different technologies. Three com-
mon types are antifuse, flash memory and static memory [3]. Antifuse types can
be described as a lot of “open switches“ in the initial state. With a high current these can
be “burned” to a closed state. In this way a configuration can be written in the device.
While this process is permanent, the other two types are rewritable.

The flash memory can keep its configuration, but needs a high voltage to be configured.
The structure in the device is similar to a but has a different gate setup.
A second floating gate is placed below the normal gate. Because of the fact, that the
floating Gate is isolated, electrons that are placed on it by means of a strong electric
field can not escape. In this way the state is kept until a new electric field configuration
is applied.

An cell consists out of two inverters in a feedback loop and two pass transistors
to write a binary value. This structure does not require a high voltage or current to be
written, but is loosing its configuration, every time the power is turned of and so has to
be reconfigured.

The subsequent type are intended for radiation qualification in different
tests.
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4.1 GateMate FPGA

The GateMate [9] is a D-latch based [FPGAI that is designed by the company Cologne
Chip AG El in Germany. The chip is manufactured in a 28nm CMOS technology by
GlobalFoundries P| in Germany as well. This [FPGAl is part of the radiation tests and
has also been the subject of tests in various setups in the year 2022. The methods and
results obtained so far, together with a detailed device description, can be found in [14].

For the tests, the [FPGA] CCGM1AL1 is utilized on the evaluation board from Cologne
Chip [11]. Figure [£.1]shows an overview of the board’s features.

sameGPIO0 ... | 18R 2 @
supply .- | GPIO Pmod
setup '
F Bl | 18 GPIO
NA NB
18! weC EB 8LEDs “'p-.,
il = 1 Push Button| ™,
H | r BTL
GateMate | EA L
[(opt. rn,q.:.: “FPGA GPIO | same GPIO
. s i L supply setup
L o
—— sl SB 18"
Flash® ® wa GPIO
Memory SA PWR,
ol CLK
it JTAG I # CLK | | from user
: : 3 18° 6 ‘ distribution application
USB | | USB® ——— |ePIO l SMA :
(Prog.) Bridge ‘Status| St { :’
- ' CLK
@ DC/DC 3.3 V from USB (Prog.) canartion
Pty
(PL;SB } DC/DC——e 25V
il [—e 18V
e 1.2V * not populated in its shipped configuration
o VﬂppﬂU1 (*) partly populated in its shipped configuration

Figure 4.1: Overview of the evaluation board features @

"https://colognechip.com/
"https://globalfoundries.com/
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4 |[FPGA| basics

Features that are mainly used in the tests are as follows,

e 20,480 Configurable Logic Block (CLB)s, in this device referred as Cologne Pro-
grammable Element (CPE)s

0,9-1,1V core voltage for different core power,

4 clock generators(PLL),

o 32 SRAM]Iblocks with each 40KiB,

6 General Purpose Input Output (GPIO) banks with 1,2-2,5V,
e 2 Peripheral Module (PMOD)) connectors with 2,5-3,3V.

The figure [£.2] shows a top view of the used evaluation boards. The [FPGAlitself is close
to the middle of the device, with the logo of the company on it. It is surrounded by the
6 [GPIOMbanks. On the left side, there are the connectors for the power supply while in
the upper area there are voltage regulators situated next to the two [PMODFconnectors.
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Figure 4.2: Top view of the GateMate evaluation board
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The [FPGA] is build up out of so called Cologne Processing Elements [CPEk. Each
containing a Look Up Table (LUT)-tree with eight inputs, two flip-flops, fast signal
routing paths and two outputs. Figure [£.3] displays the structure of a The [LTUT]
may be used as a single 8-input [LUT] or two 4-input [LUTk. Additionally the [CPEl can
be set up as 1-bit or 2-bit full adder, 2x2-bit multiplier or as 6 inputs with 4-input
multiplexer function .
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>33 >
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Figure 4.3: ICPE] logic element

Positioned between the and the routing structure are the embedded memory cells.
This set of 32 Block (BRAM)) cells can be configured as either a single 40K or two
20K Dual Port (DPSRAM) cells. Figure [4.4] shows the structure of the [BRAM]
positioned in the [FPGAL
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Figure 4.4: BRAM] cells of the GateMate 3]

The GateMate’s routing structure is of the island type. It consists of an array of 160 x
128 which are interconnected by 164 x 132 switch boxes of two different types.
Small switch boxes can connect bi-directionally two other switch boxes both horizontally
and vertically while big switch boxes can connect up to six other boxes in each of the
specified directions. Both types of boxes offer the possibility of connecting to another
box diagonal to the upper right and lower left direction. The layout is shown in figure [£.5]
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Figure 4.5: Routing structure of the GateMate @

The evaluation board has six available [GPIOFBanks for connection of signals to the
[FPGAl Four of them can be set to a voltages of 1.2, 1.8 or 2.5 Volt while the other
two are fixed to 2.5 Volt. The voltage setting can be configured by jumpers on the
board. Five out of six connectors are utilized in this project along with a
separately manufactured Printed Circuit Board (PCB]) intended for the use of an FPGA
Mezzanine Card (FMC) connector. The power supply for the can be driven by
the GateMate or from a connected device. Figure .6 shows the general overview of the
pins for all [GPTOFBanks.
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GPIO bank connector
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Figure 4.6: GPIO-Bank scheme on the evaluation board [@]
Furthermore the evaluation board contains two [PMOD| connectors, which adhere to an

open standard for the connection of peripheral modules. The voltage can be set to 2.5
or 3.3 Volt for operation. Figure .7 shows the connectors on the evaluation board.

J17A Pmod A J178 Pmod B
m U12A U12B | U12A,U12B:
o a bl SN74CB3T3245
(4] fig g%gﬂ (4] g Eﬁégﬂ
BHia (22 BHAH (2
L1} .} GateMate FPGA
JP14
VI0_3v3 1
2 VPMOD GPIO bank NB
3
VIO_2V5> VDD_NB

Figure 4.7: PMODI connectors of the evaluation board |l§|]
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Programming the can be accomplished trough either the Joint Test Action
Group ((JTAG) or the Serial Peripheral Interface (SPI) connection, as shown in figure
48 The evaluation board is equipped with an Future Technology Devices Interna-
tional (ETDI) Universal Serial Bus (USB) to serial converter for this purpose. The
programming mode setting can be adjusted using the switch SW1 located on the board.
Furthermore the use of a flash memory to store the FPGAI configuration is also possible,
but was not used in this project.

Host GateMate FPGA Evaluation Board V3.1
Controller

J7
Mini USB 2.0 Type B

(data & power)
u7 FT2232HQ

USB Bridge

U13 SN74CB3T3245 ul4

8-Bit Bus 8-Bit Bus

Switch with Switch with

Level Shifter Level Shifter
us GateMate
Flash | | *JTAG conn FPGA
memory cternal devic
MX25R6435F

*

not populated in its shipped configuration

Figure 4.8: Setup of the JTAG] and [SPI] connections [|§||

The evaluation board requires a power supply of 5.0 Volt and has different converters on
board to provide a wide voltage range for various applications. The supply voltage can be
supplied via[USBlor by connection to the pins of J6 like shown in figure d.9] Additionally,
the device can be powered via the port used for programming or through a separate
connector. The reset turns off only when all converters have reached a stable
state after power-on. The [FPGAI core voltage can be adjusted in the range from 0.9 to
1.1 volts. The low power mode operates at 0.9V, the economy mode at 1.0V, and the
speed mode at 1.1V, providing users with the flexibility to choose various power settings.
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Figure 4.9: Power supply of the evaluation board [9]

After the user has developed a new hardware design for the GateMate [FPGA] the
subsequent stages involve synthesis, implementation and configuration. Figure [£.10]
gives an overview of all necessary steps.

1. Design Entry ‘ 2. Synthesis } 3. Ihplementaﬁnn | 4. Configuration I
[ |
| | >
v ¥
AmaranthHDL (nMigen openFPGALoader
(nMigen) GateMate | g0 pFr[)| o | :
- Yosys Netlist: S|SESyomet
LiteX Verilog ctath :
- ic Timing Netlist
SpinalHDL Analysis
VHDL [ aHoL
Behavioral Functional Timing [ File In-circuit
Simulation Verification Simulation ] Tool Verification

Figure 4.10: Design flow of the GateMate [FPGA] [§]

The design-file, which can be written in Very High Speed Integrated Circuits (VHSIC)
Hardware Description Language (VHDL]) or Verilog is then passed to the open-source
synthesis framework Yosys|27|. Yosys accepts only Verilog files as input. In the case
of a design in [VHDI] the G Hardware Design Language (GHDL) [VHDII analyser
translates the [VHDII design into a database that is usable by Yosys. The synthesis
setup, generates a netlist file that can be processed by Cologne Chip’s Place and Route
tool. Furthermore, a constrains file is needed, to declare the input and output pins. The
Place and Route tool then generates the bitstream for configuring the GateMate. To
flash the bitstream into the device, the or [SPIl connection can be used.
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The synthesis as well as the Place and Route tool are generating more files in the
procedures than just the ones mentioned. These are just the most important ones for
generating the bitstream. With the other files it is possible to check the implementation
results in more detail or to use a simulation tool to check the functionality of the design
after each step.

The explanation in this thesis are limited to the main functions of the evaluation board

used in this project. For further information the documents from Cologne Chip [9] or
the master thesis [14] can be consulted.
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4.2 Lattice iCE40 UltralLite

The iCE40 UltraLite [30] is a low power SRAMI[FPGAl manufactured in a 40nm CMOS
low power process by Lattice El This [FPGAl type has a huge device family with different

versions of size and additional functions, with focus on a very small form factor. The
[EPGAl used in this project is the iCE40UL-1K shown as a block diagram in figure {.11]
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d-Input Look-up

Table (WT)  Flip-flop with Enable
and Reset Controls

Figure 4.11: Block diagram of the iCE40 UltraLite [FPGA]

Features of the [FPGAl are as follows,
o 1248 [LUTHE,
Embedded Block [RAM] (EBR)) of 56kbits,

e 10kHz and 48MHz oscillator,

1 clock generator (PLLJ),
e 26 1/O-Ports,

e 1 Non Volatile Configuration Memory (NVYCM]).

3https://www.latticesemi.com/
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The 1CE40 UltraLite is based on Programmable Logic Blocks (PLBE), which consist out
of eight Logic Cells (LCk) with four input [LUTks, a D-style Flip-Flop (DFE) and Carry
Logic, as shown in figure [f.12] [PLBk can be used for both logic and arithmetic functions,
depending on the specific need.

Shared Block-Level Controls

Programmable E Clock s
Logic Block (PLB) g !
'S FCOUTS 1 3
i _‘-etjﬂeset—-D___‘ i :
| o P b Logic Cell
-
/Jca{mgi:
1]
g 11 .
=2 12 il LT
z .< 13 H
K]
og
e "
=
FCIN
Four-input Flip-flop with
Look-Up Table optional enable and
(LUT) set ar reset controls
L\_ D = Statically defined by configuration program

Figure 4.12: [PLB of the iCE40 UltraLite [30)

The includes a Non Volatile Configuration Memory (NVCM)) that can
only be programmed once. If programmed, the will be automatically configured
with this design on startup. However, it is still possible to configure the SRAM] from
an external programming device. If the is not programmed, the can be
configured by an external flash or directly from an external device. The options for
configuration can be seen in figure
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Figure 4.13: Configuration options for the iCE40 UltraLite |29]

The iCE40 UltraLite features on-chip Power-On Reset circuitry to guarantee a
secure start-up once the power supply reaches a dedicated level. The circuitry
monitors three voltage levels: the core supply, the supply and the I/O supply
voltage. Tt triggers the configuration of the SRAM] from the NVCM] or the external flash
memory.

Additionally, the device has 56 kbits of embedded block Random Access Memory (RAM)),
divided into 4 kbit blocks between the [PLBE. The three 1/O banks can support
1.8, 2.5 and 3.3 volts and can be configured using the iCEcube2 software, which is
described in chapter

The iCE40UL is utilized on an evaluation board, known as the Breakout Board, which
is shown in figure .14} This board is used for configuration of the [FPGA] from a flash
memory and connecting it to the tester The connectors are used for
the connection between the two devices, as the test setup does not require many I/0
pins. The Breakout Board provides a 12MHz clock for the interface which is also
linked to the and serves as the system clock for the setup. Figure displays
the Breakout Board, with the itself indicated by a white arrow in the lower right
area.
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o NANSS

Figure 4.14: iCE40 UltraLite Breakout Board

The Breakout Board provides an [FTDI chip to program the flash memory of the board
or to directly configure the SRAM] via a [USBl connection. The Diamond Programmer
software can be used for configuration of the device, as described in chapter [5

The iCE40 UltraLite offers additional features, such as direct high current drive outputs
for Light Emitting Diodes (LEDK). This enables the direct driving of an RGB{LED]
which is also positioned on the Breakout Board. This chapter provides a brief overview
of only the relevant basics, as not all functionalities are used or of interest at this point
of testing. For additional information, please refer to the documentation provided by
Lattice [30].
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The Appendix[A]includes a list of the used software and hardware in this project. Further-
more this section gives some short information referring to these, except of the GateMate
evaluation board and the Lattice iCE40 UltraLite Breakout Board which are explained
in the previous chapter

5.1 Vivado and Vitis

Vivado and Vitis are software-tools from Xilinx for the implementation of hardware
designs and programming of embedded ARM processors. With Vivado a hardware design
can be written in a language such as Verilog or It also provides the ability
to simulate the design before using it in real hardware. When the design is finished, it
can be loaded into the and used with Vitis to program for example C-code for
the ARM part of a Zynq device. The [FPGAk used with this software are indeed Zynq
devices integrated on a Zedboard and a MicroZedboard which are described in section

of this chapter.

5.2 iCE cube2 and Diamond Programmer

The iCE cube2 design software is a specialized tool for the ultra-low power devices
from Lattice. It can synthesize and implement hardware designs for the iCE40 [FPGA]
family and provide simulation files. To load the design into the or flash memory,
the Diamond Programmer software from Lattice is required. Additionally, a Lattice
programmer tool is required for programming the NVCM] although it was not used
during this testing phase.

5.3 Zedboard and MicroZedboard

Both devices are evaluation boards manufactured by Avnet [[] Main part is the ZynqgSoC]
Chip by Xilinx which includes an [FPGAland two ARM cores. The Zedboard [28] is used
in this project to control the setup of the leakage current test by communicating with
various devices. Additionally the B13 benchmark test is prepared with this[FPGAL After

"https://www.avnet.com/wps/portal/us
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configuring the design, Petalinux is installed for execution on the ARM cores.
This setup is then used with Vitis, to write C programs which are then executed on the
ARM cores to control the tests. The advantage of this approach is that the system can
be controlled from a standard terminal on a computer or via an Ethernet connection.
The MicroZedboard [17], in conjunction with an [EMC] carrier card, is utilized at
to control all test setups. The hardware designs are implemented on the while
the ARM cores run a PYNQ-Framework [20], which is based on a Linux image. This
provides the capability to use JupyterLab [21] and write the controlling of the tests in
Python code.

5.4 Thermostream

The Thermostream is a device that can provide a dry airstream with a temperature from
-90°C up to 300°C. In addition, the temperature can be changed very quickly in small
or large increments with extreme precision. For this reason it is used to test the
in its possible temperature range. The Thermostream can be controlled to change the
temperature in defined steps while the temperature on the device is measured with a
sensor, to reach exact results.

5.5 DMM Measuring device and HMC Power supply

An HMC 8043 power supply is used to power the test-setup, which can provide different
voltages or currents on up to three channels. By using the sense connection, the supplied
voltage can be measured close to the device and the power supply can be controlled more
precisely to the target value.

The Digital Multimeter (DMM)) can measure voltage, current or ohmic resistance with
high resolution. It can be set to the expected measurement range or to an automated
mode to select the optimum depending on the input being measured.

Both instruments support the LAN eXtension for Instrumentation (LXI)-protocol [2] for
connection to a control system. This allows data to be sent and read from a remote
instrument.
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6 Leakage current of the GateMate

The leakage current of an varies significantly with the temperature of the chip
during operation, which also affects the total power dissipation depending on the specific
operating point. Thus, the knowledge about an occurring leakage current is quite relevant
to take countermeasures, if necessary. To differentiate between dynamic and leakage
current consumption the chip is hold in reset. The GateMate is qualified for
core voltages of 0.9V, 1.0V and 1.1V and for temperatures from -40°C to 125°C and is
therefore also tested in this temperature and voltage range.

The measurements are done with two different types of chips. The first test is done
with an evaluation board, where the [FPGAlis a so called short loop chip [13]. This type
is processed in a shorter production than the normal one and therefore is not processed
as detailed as in a full loop process [13]. The short loop process is more popular for new
or faster needed devices and is also less expensive because of the smaller amount of time
consuming production steps. The second test is done with a tester board on which the
[FPGAl itself is mounted in a socket for easy replacement. Furthermore the [FPGAl chip
comes from a full loop production.

6.1 Leakage current measurement setup

The test system makes use of the Thermostream climate device described in section
to set the temperature in the desired range without causing condensation problems at
cold temperatures. An HMC 8043 power supply is used to power the GateMate, and a
6500 multimeter is used to measure the leakage current. The Zedboard controls
the measurement. It defines the temperature and voltage values and sends configuration
commands to set these values at the devices. In addition it collects the measured data.
This is accomplished with the [LXIl protocol using Ethernet based communication.

The basic control functions are pre-programmed and ready for use. These include
the initialization of the communication stack and commands to set or request data.
Communication with the power supply and the measuring device is done via the
[LXTlprotocol. The Thermostream is controlled with specified commands via Ethernet,
which are prepared as well.

Figure [6.1] displays the setup. The Zedboard is located on the right side, with the supply

on top of the measuring device. The outlet of the Thermostream is on the left side,
leading into a box where the GateMate is positioned. The air outlet is directed straight
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at the [FPGA] chip.

L343

Figure 6.1: Setup of the leakage current test

A temperature sensor is placed on top of the [[PGA] chip to ensure that the temperature
of the device is measured more accurately. Figure [6.2] shows the setup inside of the box,

with the sensor in the middle of the chip.

CCGM1AL/A2/A8 Evaluation Board, V324 | -

Cologne Chip AG
www.colognechip.com

PWh GO Reser
VCORE CFG DONE
s CFG FAILED

ﬁ Cologne
Chip

GateMate FPGA

as

Figure 6.2: Temperature sensor on the GateMate [FPGA]
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The core of the GateMate is supplied separately from the rest of the board.This is done
by removing the zero ohm resistor (R86) under the VCORE power converter. Its position
can be seen in the figure [6.3] in the upper area in the red circle to the right of the test
point TP2. The power supply in line with the measuring device is connected to the test
point TP2. The actual voltage closer to the core is measured at the test point TP1 with
the sense connection of the power supply, to ensure that the required voltage reaches
the core. The circle on the right of the figure [6.3] shows the test point TP1. The rest
of the board is supplied with 2.5 volts to power the [PORI of the GateMate. Using the
[PORI] module with the reset signal on pin 3 of JP11 connected to the ground pin on J6
provides a safe reset of the board for the entire test. The red arrow in figure [6.3] points
to the two connected pins by the brown wire.

i VCORE \7 s | 3
wn

Figure 6.3: Connection points on the GateMate evaluation board

6.2 Programming in Vitis and test-procedure

A basic hardware design is prepared for the Zedboard, which is then used in
combination with a PetaLinux installation running on one of the ARM cores of the Zynq
device. On this platform the software is programmed in Vitis in C. A tutorial explaining
how to use this platform with Vitis can be found in Appendix [C] of this thesis.

A procedure is programmed to control all settings and to perform a complete test. This
program contains the basic values for this test setup as initial parameters. These include
the start and end parameters for the temperature and core voltage, together with the
step size. The number of measurement points to be taken at each set point with a
user-definable waiting time is also preset.

When the program is started, the user can specify each previous named parameter for
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the test, or the default parameters can be left preset. All actual values set for the test are
then displayed and the user is prompted to confirm the setup to begin the test. When
this is done, the Thermostream begins to cool down the air-temperature to the specified
minimum value. When the temperature is reached, a user-definable time must be waited
to ensure that the DUTlis also at the correct temperature. The test starts by measuring
the leakage current and then adjusting the three voltage settings for the core voltage.
When the leakage current is measured for all the three voltages, the next temperature is
set and the process begins again until the whole temperature range is covered. During
the test, the measured values are stored in a file on the SD card of the Zedboard. This
file can be extracted afterwards to evaluate the data from the test. When the maximum
temperature is reached, the measurement is stopped and the device is cooled down to
room temperature.

Figure shows the results of the first test with the GateMate evaluation board and the
short loop chip.
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Figure 6.4: Resulting graph for leakage current of the short loop chip.

The leakage current increases with the temperature exponentially and the measured
values show no unexpected outliers. The whole test took about four hours, including
the cool down procedure at the beginning and the cool down step to room temperature
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6 Leakage current of the GateMate

at the end.

For the next test, with the second type of FPGAI chip measurement step size is increased
to five degrees. In addition, the waiting time after reaching each temperature value is
increased and more measurement points per set point are taken. With more values the
average can be calculated more accurately and it can be checked if there is a difference
between the first and the last measured current value. If a difference is detected, this
indicates that the [FPGAl has not reached the target temperature and a longer waiting
time is required. The results of this test can be seen in the following figure [6.5]
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Figure 6.5: Resulting graph for leakage current of the full loop type.

It shows, that the of the second charge has a significantly lower leakage than the
first. To prove this behaviour, this test is done with three [FPGAI chips from the second
type. On the evaluation board with the socket, these chips can be easily replaced and
tested in the same setup. The leakage of all three chips show the same behaviour with
comparable values in all ranges. Furthermore the results for both types confirm the
expected exponential increase in leakage current as a function of the temperature, as
explained in chapter
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7 Radiation qualification tests

The qualification tests at focus on different parts of an to determine their
sensitivity. For the reason that this is giving just partial informations, an application
test is necessary to give an example for a real world application. Furthermore this
application test is standardised and comparable between different devices.

In preparation for the tests at [CERN] the previously performed tests of the GateMate [14]
are explained in their functionality. The B13 benchmark test was then prepared on the
GateMate. Due to the fact, that the Fachhochschule Dortmund does not have
a MicroZedboard with an installation of a Pynq environment, which is the setup for the
testing at [CERN] all preparation was done with a Zedboard. By using a basic hardware
design in a PetaLinux installation, the kernel was prepared for the use with Vitis. This
setup provides a comparable system environment to the one that is used at and
was therefore a good starting point. At the setup has been transferred to the
environment with the MicroZedboard for testing. Furthermore a test setup to determine
the cross section of the GateMates Configuration (CRAM)) has been implemented
and tested.

The last test setup was done with the Lattice iCE40 UltraLite. An application test has
been implemented to obtain initial results and determine if further investigations on this
device could be of interest.

7.1 System setup

As mentioned above the system used for preparation at FH Dortmund is based on a
Zedboard. The same is used on the Zedboard as on the MicroZed, which is why
the hardware design can be used with only a few adjustments. The main difference
between the test setup at and at Dortmund University of Applied Sciences and
Arts is the programming of the control system. The Zedboard is programmed with Vitis
in C code, while the MicroZed Board can be programmed in a Pynq environment with
Jupyterlab in Python. The setup with the Zedboard is only used for the benchmark test
on the GateMate. The other tests are directly done at with the MicroZed Board
as tester device.

To connect the tester and the [DUT] the [FEMC] cable and the already mentioned [PCB}
adapter for the GateMate are used. For the test setup of the iCE40 UltaLite a [PMOD
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7 Radiation qualification tests

connector is used. Ounly a few signals are needed for the watchdog setup and another
PCBladapter for the [FMC] cable is not necessary at this point of testing.

7.2 Testing of the GateMate

Figure [7.1] shows the system setup for all tests with the MicroZedboard as tester and the
GateMate as [DUT]

TESTER: MicroZedboard 7010 DUT: GateMate Evaluation Board
Processing Unit (PS) —1 RAMTestCore [+ v/a +{ RAM Blocks
Jupyter
CERN Notebooks > ;Ligt' ggfe «—/———1 Flip-flop Chains
i
Core Drivers
] PLL Test Core o, PLLs
1
Python =
S @ Benchmark /
(PYNQ Libraries) = 1  Test Core - B13 Circuits
| p
>
-
Linux Kernel
—»{ TID Test Core ] - Ring Oscillators
_ |
—{ CRAM Test Core |+ - XOR Chain |

Figure 7.1: Overview of the general test-setup .

7.2.1 Phase Locked Loop (PLL)

The GateMate has four [PLLJs included in the [FPGAI which can be used to generate
different clock frequencies if needed. Each one of the [PLLJs is fed by a clock signal from
the tester board. The [PLI] has a lock signal to verify that the output is at the right
frequency. This lock signal is sent back to the tester and checked for changes while the
[FPGAlis being irradiated. The setup of the system is shown in the figure
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TESTER: ZCU104 Evaluation Kit DUT: GateMate Evaluation Board

{ Clock )
Processing Unit (PS) RAM Test Core | —— iotlodicr) PLL Block

{Llock1

PLL Block

Lock 2

PLL Block

{Lock3 }

AXI4-Lite Bus

{Lock 4 1 PLL Block

Figure 7.2: Setup for the [PLI] test|14].

The IP-core of the tester is taken from [23| and adapted for the GateMate by [14]. It
transmits a clock signal and receives the lock signal of each from the while
the system is irradiated. Whenever the lock signal is lost, this is a indication that a[PLI]
has been affected by the radiation. Each loss is counted by the tester.

7.2.2 Flip-flops

In this configuration, a specific number of flip-flops are connected in a series to a shift
register. The first one has a defined input and every subsequent one has the output of
the previous one as input. A Window Shift Register (WSRI) is used to avoid integrity
problems that may arise at higher frequencies when a full shift register is read out in
parallel. With this type of shift register, only a limited number of flip-flops are read out
and displayed in a so called window. The window loading signal is connected to the clock
input of these flip-flops to update them. An example of a short flip-flop chain can be
seen in figure

AT

\—D 0 D Q b Q
P e

|
QE! 1

V
V

vV

window_1d

Figure 7.3: Chain on flip-flops for the test [14].

The IP-core used in this test was originally taken from [23| and is already prepared for
the GateMate in [14]. Tt provides the with a clock, a window load and a pattern
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signal. The signals from the [DUT] are the output windows of each [WSRl The principle
of this test setup is shown in figure [7.4]

TESTER: £CU104 Evaluation Kit DUT: GateMate Evaluation Board

Processing Unit (PS) L) - ff—————(Clock, Window Load)

(WSRT) o= T},
WSR 1 = JH———!

{WSR )}
WSR . =

SR 1.

AXI4-Lite Bus

F rre— Pattern I
1:0 Pattern Generation :\

Figure 7.4: Setup of the flip-flop test .

One test method applies a static 0 or 1 to the shift register input and checks the output
window for a change that is the result of a bit flip. A second method is to input an
alternating signal that changes between 0 and 1 every clock cycle. For this method, the
window load signal has to be pulsed with a specific frequency, to get a static output.
When the output changes, a bit flip has occurred. In this case a bit flip is passed trough
the flip-flops until it is processed by the next window load signal, as can be seen in figure
(.0l
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Figure 7.5: Processing of a bitflip in the flip-flop design ||
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The frequency for the load signal can be calculated by the equation [7.1]

Jelk
d (7.1)

fwindow =

7.2.3 BRAM cells

For this test, data is written to the block memories of the [DUT] before the test begins.
During irradiation, the data is periodically read out to detect any changes in values.
If one or more memory bits are affected, SEUI's or MEUI's may have occurred. In this
case, the test is halted and then restarted once the initial state has been rewritten to
the memory. The system setup is shown in figure

TESTER: ZCU104 Evaluation Kit DUT: GateMate Evaluation Board
.| BRAM
Processmg Unit (ps) RAM Test Core —/ 150 { Clock, Memory Addresses, Write Enable } = 1 Cell
4 1=
~ i
MUX ”””” i
570 Read Data } I{___l [+ BRAM
. LT cell
— I E | Ll 4
w I 1
3 BRAM R e
= (BRAM Adress) L
7 % BRAM Address EiGhie i BRAM
5 . Cell
g 5
= Pattern
e (Write Pattern )—————% g1 hion

Figure 7.6: Setup of the memory test [14].

The IP core of the tester sends the clock signal and a signal to select the initial data
to write. To write to a specific memory block an address which identifies the according
BRAM] as well as the address of the word to be written and a write enable signal is sent.
The memory data selected in three ways trough the “Write Pattern® signal. Available
data options are all zeros, all ones, or a toggle between 0 and 1 for each bit position.
The requested memory data is sent back by the The IP core for this system has
already been prepared and tested [14] for the GateMate.

7.2.4 Total lonizing Dose (TID])

The aim of the [TTD] test is to measure the difference in propagation delay of a circuit
inside the induced by the accumulated radiation dose. This is achieved using ring
oscillators, which consist of a chain of an odd number of inverters. The output of the last
inverter is fed back to the input of the first inverter. The ring oscillator frequency reduces
with increasing propagation delay of the elements within the circuit. By measuring the
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[DUT] output frequency, it is possible to observe how strongly the absorbed radiation dose
affects the [FPGAl The principle of the test is shown in figure [7.7]

TESTER: ZCU104 Evaluation Kit DUT: GateMate Evaluation Board
Processing Unit (PS) RAM Test Core | Ring
Oscillator

¢ = 1

I Rin
Oscillator
#
s | min
< Oscillator

AXI4-Lite Bus

]

Ring Enable

Figure 7.7: Design of the [TIDI test [14].

The IP-core is prepared by [14] and was originally taken from [23|. By sending the ring
selection signal, the desired output of a chain is selected and returned by the [ DUTl With
the enable signal, the outputs of the elements in the chain are enabled and the oscillator
starts oscillating.

Since the GateMate implementation software optimizes away series-connected inverters,
the chain is built with D-latches instead. By inverting the last output and feeding back
to the input of the first latch, a periodic signal is generated. This principle is shown in

figure

output

I—cD Qp—Db ©Q—Db Q—Db ©Q—D Q——D Q—D QF—Db Q0

output

I—D Q~ 4D QJI—D Q- D Q—l

Figure 7.8: Example for chain of D-latches as used in the GateMate design [14].

The expected output frequency of the [DUT] can be calculated by equation [7.2] The
number of inverters is denoted by n and the runtime of each inverter by t.
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_ 1
 2xnxt

f
The GateMate Place and Route tool can place the D-latches of a connected chain at
irregular distance from each other, which can lead to different delay times and thus
oscillation frequencies. To prevent this from happening, the position of each in
which D-Latches are used is defined manually for all chains. A Python script is used to
generate a list of positions. This script is already written and details can be found
in [14]. The generated list is written in the ccf-file configuration file of the Place and
Route software. The tool utilizes these positions to establish a consistent and uniform

configuration for each chain, resulting in an equal delay for all paths.

(7.2)

7.2.4.1 [TIDI with focus on ring oscillator frequency

The setup of ring oscillators in this test can also be used to create a Physically
Unclonable Function [19]. These structures have been tested in different setups
in combination with the GateMate at the FH Dortmund but not under radiation.
A [PUF] generates a unique response that cannot be replicated by another device.
The frequency output of ring oscillators, which is unique due to process variations in
production, can be used for the implementation of a [PUE] Thus, the frequency of the
ring oscillators implemented in the test is also unique. This feature is suitable
for safety functions as it cannot be replicated by other devices. For a perfect setup,
the oscillator frequency should be always reproducible. However, various factors such
as temperature or voltage supply variation can affect the oscillator frequency. In this
setup, the impact of radiation should be examined. The frequency output of the ring
oscillators will be compared to each other. To obtain a reproducible [PUF] response,
the relation between two oscillators should remain consistent. Therefore, the frequency
comparison should always stay either positive or negative. If the frequency of one
oscillator changes more than the frequency of another and the relation changes from pos-
itive to negative or vice versa, their output will not be suitable for a[PUFlbased function.

During the test, done in 2023 [14], the frequency of all ring oscillators was
documented under radiation for a total dose of up to 9kGy. This data can be analyzed
for the suitability as a primitive based on ring oscillators.

To determine if the ring oscillators can be used for this purpose, the frequency of each
instantiated ring oscillator is compared to one another and checked for a change in sign.
By subtracting the frequency of each ring oscillator from a chosen reference oscillator a
positive or negative relation can be determined. This process is repeated for each dose
level and the resulting values are compared in two ways. Firstly, based on the starting
relation at 0Gy, and secondly, for each dose step and the following result. The results
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indicate the number of changing relations in comparison to 0Gy and from one dose level
to the next.

7.2.5 Benchmark B13

The benchmark test is taken from the I'TC’99 suite which is developed by Politecnico
di Torino|10]. The B13 design was originally an interface to a weather sensor and is
now used for [FPGA] testing to study the impact of radiation on a design with realistic
structure and complexity while allowing comparability with test results from different
[FPGA] types and vendors. During this test several B13 module written in [VHDI] are
instantiated and and implemented in the If an occurs while the system
is running, the is counted and the test is stopped and restarted. At the end of
teste the total number of SEUI's over a defined time is captured. Since the occurrence
of BEFTs is expected it has to be checked if the device stopped working to assure
continuation of the test by reprogramming.

The test is controlled by the code running on the Processing Unit of the tester
which is either written in C and programmed by Vitis in case of the Zedboard or
written in Python and programmed via Jupyterlab. By use of defined commands, data
is written to registers to start and stop the test or to read results. A pattern signal is
generated and fed into each B13 circuit. Depending on the input and the clock, the
output changes in different intervals. The tester and the receive the same input
and in consequence the output should be the same as well. To prove this, both values
are compared on the [DUT] Since the output is not changed in every clock cycle, it
is possible that a corrupted value is overwritten by a new one before it is processed further.

To run the benchmark test, the IP core of the tester has to provide several signals and
save data in case of an occurring Figure shows the principle of the benchmark
design.

TESTER: MicroZedboard 7010 DUT: GateMate Evaluation Board
Processing Unit (PS) RAM Test Core —//W{ Clock, reset, pattern input
Error flag Eiror i: i
Detection i
— Faully B13 0
a ]
8 =
2 “’+|
= mux it
I )
; "'_/9;0 Faulty output 1,
= G+
— 5% {_Golden reference

Figure 7.9: Design of the benchmark B13 test [14].
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The tester transmits a clock signal to run the test. The [DUT] is provided with start
and stop information through a reset signal. The pattern signal is given to each B13
circuit that is instantiated, to determine the output. The golden reference is then used,
to compare the results on the itself. The Device Under Test will generate
an error signal if the output of any B13 instance differs from the golden reference. The
signal “faulty B13“ indicates the number of the faulty B13 instance, while the faulty value
is provided in the faulty output. If no errors are detected, the address and value of the
first B13 instance are transmitted but not processed further. The data processed by the
is only stored on the tester device when the error signal is set high. The test is
then reset and restarted.

When the First In First Out (FIFQ)-Memory inside the tester is full, the test is stopped
completely because no more data can be saved. The [FIFOl state is regularly checked,
and new values are saved to a file to prevent memory overflow after several values have
been stored. The FIFO can only be completely filled in the event of a[SEFIl In this case,
the testing process is halted and the GateMate is reprogrammed to resolve the error state.

7.2.6 Configuration Memory

Measuring the sensitivity of the is a crucial metric during qualification. The
cross section can be calculated using the number of critical bits. Typically, this
is achieved by dumping the before and after testing and counting the bitflips.
However, the GateMates[CRAM] consist out of D-latches and does not provide the feature
of dumping. Therefore, an alternative approach is used to determine the cross section.
A design is implemented for which the number of critical bits is known. The design is
based on XOR whose truth table is shown in table The change of one bit lead to a
change of the output.

Input 1 Input 2 | Output
0 0 0
0 1 1
1 0 1
1 1 0

Table 7.1: Truth table of XOR logic.

The design interconnects all eight inputs of a [LUT] in an XOR structure to one
output and repeats this multiple times in a chain. The first XOR in this design receives
all inputs as zero. The output is then fed to one input of the next XOR, while the other
seven inputs are provided with the same zero input as the first one. If one bit in this
structure flips, the output will change as well and an can be detected. Figure [7.10]
illustrates the basic idea of this setup.
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Figure 7.10: Principle of the test.

By setting all inputs to high or all to low a change of one bit will change the output. In
this way a long chain of is implemented which are positioned manually, to control
the setup and routing of the logic in the design. The positioning of the is done by
a Python script that is adapted for this setup from the script used for the [TTDI test by
[14]. The chain is optimized for short connections between each [CPEl This setup allows
for the determination of the number of critical bits in the design. With this structure a
chain of 13866 is implemented. During the test the last output is checked for any
changes. The principle of the test design using the MicroZedboard and GateMate can

be seen in figure [7.11

TESTER: MicroZedboard 7010 DUT: GateMate Evaluation Board

Processing Unit (PS) et s {Qinput } XOR Chain

AXI4-Lite BusI

Figure 7.11: Design of the [CRAM] test.

The design input is static. As a result also the output should be static in free
operation. When ever the output changes, the design is known to be corrupted and a
failure is counted. The test is stopped and, after the design is reconfigured, restarted.
The time for a bitflip to propagate through the chain is measured before testing. This is
necessary to ensure that the particle flux is set low enough so that, in case of an [SEUL
the event is counted before another particle can affect the output again.
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7.3 Testing of the iCE40 UltralLite

The iCE40 UltraLite may be suitable for use in a specific project at To
initially assess its potential for further investigation, a test setup is implemented using
the iCE40 Ultraliite as a watchdog. This application test is chosen for the reason that a
similar functionality is of interest for use. If the test shows good results the qualification
tests, done with the GateMate, would be the next step in the future.

7.3.1 Watchdog test

A watchdog in software is a function that checks a system for failures by sending a signal
or pulse (wake) at dedicated intervals and receiving a response (done) back to confirm
that the other system is still functioning. If no response is received, the watchdog resets
the system.

The iCE40 UltraLite acts as a watchdog in this setup, sending a wake signal to a con-
nected device, which is the MicroZedboard. The MicroZedboard must respond within a
defined time frame with a done pulse to indicate that it is awake. If the done pulse is
not received, the watchdog resets the other device. Thus, the watchdog sends two signals
and receives one in return. The MicroZedboard acts as the connected device to be con-
trolled by the watchdog and to check if the watchdog design is failing under radiation.
If the wake signal is not received, the iCE40 UltraLite will be reconfigured. To test the
reset function of the watchdog, the tester occasionally does not respond with the done
pulse from time to time. If the watchdog fails to reset, it will also be reconfigured. Any
reconfiguration will be considered as failure in calculating the cross section in the end.
An example of the signals for this test can be seen in figure [7.12

Watchdog

(iCE40 UltraLite) 'Vake ‘
Tester Done ]

(MicroZedboard)

Reset_n ‘

L

Watchdog
(iCE40 UltraLite)

Figure 7.12: Principle of the Watchdog test.

The setup of the watchdog test with the MicroZedboard as the tester can be seen in
figure[7.13
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TESTER: MicroZedooard 7010 DUT: ICE40 UltraLite Breakout Board

| | Watchdo | gty
Processing Unit (PS) =% Cnr: —/1'0 (Gone, rstn “ !

: Watchdog ||
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wake

{ reset_n

AXI4-Lite Bus I

Figure 7.13: Setup of the Watchdog test.

The TP-Core for this test is newly designed to send and receive two signals. Three
signals are used for the watchdog setup as previously explained. The ,rst n“ signal is
used to reset the watchdog before starting the test. The system clock for each board is
derived from its internal clock generator. The IP-Core of the MicroZedboard is clocked at
100MHz, while the Breakout Board provides the watchdog with a 12MHz clock. Therefore
the timing for the signals is defined to ensure correct signal checking. The timing between
two wake pulses is set to 100ms, while a wake pulse lasts for 20ms. A done pulse lasts
15ms, and the reset signal is held for 30ms. This timing reflects a possible use case.
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This chapter summarizes the results achieved from three campaigns conducted at Paul
Scherrer Institute (PSI) between September 2023 and November 2023. The radiation
was administered using a 200MeV proton beam at the Proton Irradiation Facility (PIEF)
[12], which was accelerated by the COmpact MEdical Therapy cyclotron (COMET). The
beam flux can be controlled by varying the current between 0.1nA and 10nA. The beam
shape and size can be adjusted using copper collimators, after which the [DUT]is placed.

8.1 GateMate

The results of the B13 test and the[CRAM]test derived from the GateMate are presented.
The achieved results from the previous campaigns can be found in . In addition, the
results from the[TID]test are evaluated again with focus on the relation of the frequencies
between the ring oscillators. Figure [8I] shows the GateMate installed in the irradiation
facility at [PSIL

Figure 8.1: Picture of the GateMate at [PSIl
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8.1.1 B13 results

In the preparation setup with the Zedboard the benchmark B13 test could be imple-
mented on the GateMate with close to 70% of the available [CPEk. However, due to
timing issues in the MicroZedboard setup, the exact same setup could not be reproduced
at As a result, the B13 benchmark test could be implemented using approxi-
mately 60% of the in the GateMate. The design was implemented in a standard
version with 100 B13 circuits and a triplicated version with a similar usage of the
and 33 B13 circuits. Additionally, the design was tested prior to the campaign by inject-
ing a false value to verify its correct processing, which was successful. The results of the
tests at are listed in table

Setup Events Fluence p/cm? B13 circuits Cross section cm?/B13

No TMR 47 2.53 x 1010 100 1.86 x 10711
TMR 17 1.44 x 1011 33 3.59 x 10712

Table 8.1: CRAM result for the GateMate Al

A comparison of the results with two other devices is shown in figure 8.2 The Stratixb
and Kintex7 are devices from a comparable technology node |15 and the last three devices
in the table are flash memory [FPGAE previously tested at [CERNI [26]. The NG Medium
is also tested at [25], but is a fully radiation hardened based [FPGAl
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Figure 8.2: B13 results compared to other tested [FPGAL.

The GateMate results are comparable to other devices of the same technology node. How-
ever, the Stratixb and Kintex7 achieve better [TMRI results due to their [TMR] approach.
It is worth noting that the software of these [[PGAk supports the integration of
However, the GateMate does not support this feature in the software, so triplication was
performed at block level, which is less effective.

8.1.2 [CRAM I results

By manually positioning the [CPEL, to minimize routing, approximately 68% of them
were utilized, as shown in figure [8.3] This results in a chain of 13866 [CPEk. A bitflip
was injected at the first XOR and the time until the output changed was measured with
approximately 12.6us.
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The result of the test under radiation is shown in table B2

Events Fluence p/cm? critical bits cross section cm?/Bit
39 2.71 x 10'° 199896 7.19 x 10715

Table 8.2: CRAM result for the GateMate Al

The GateMate test result is compared to two [FPGAE from a comparable node type,
which are the Stratix and the Kintex7 in figure
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Figure 8.4: Result of [CRAM| compared to Kintex7 and Stratix5.

These devices show a comparable cross section as already the previous tests showed,
which leads to the assumption that the test setup works as assumed.

8.1.3 [TIDI results with focus on relative frequency shifts

The frequency of each ring oscillator is compared by subtracting its frequency from each
of the other oscillators. This process is repeated for all dose steps, and the resulting
relationship is checked to determine whether it remains positive or negative over the
full range. This procedure gives rise to a total of 8385 comparisons between the ring
oscillators at each dose step. This number can be calculated using equation [8.1] where
N represents the number of implemented ring oscillators.

N«(N+1)/2—-N (8.1)

Due to the large amount of data, the dose steps are set to 50Gy and the range is divided
into three steps of 3kGy, from 0Gy to 9kGy. Furthermore, the evaluation is divided
into two comparisons: the first compares each frequency relation at a dose level to the
relation at 0Gy, while the second compares each subsequent dose step to the previous
one. This approach allows for an analysis of how many times the relation changes
compared to the starting frequency and how many times it changes from one dose level
to the next. The resulting graphs are listed in a larger version in the appendix due their
size. Figure displays the comparison results from 0Gy to 3kGy, with the changes
compared to the 0Gy starting point. The percentage of changes is given in relation to the
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8 Results of the qualification tests

total number of 8385 comparisons at each dose level. The blue bar shows the percent-
age of changings to a positive relation and the orange bar a change to a negative relation.

Changings compared to 0Gy start

B To_Positive
I To_Negative

04

02

Counted changings in %

= = =

a a =
DN —————————— "=

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Daose [Gy]

Figure 8.5: Amount of changing relations from 0Gy to 3kGy compared to the 0Gy con-
figuration.

At the outset, there are nearly equal amounts of positive and negative relations, with 4215
being positive and the remainder being negative. The data shows that the total amount
of change varies by approximately 1% for both negative and positive relations. This can
be seen for the full range of up to 9kGy. There is only a slight increase of 1.1% with rising
dose level. The two graphs for 3kGy to 6kGy and 6kGy to 9kGy are shown in appendix [B]
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Changings compared to previous dose level

B To_Positive
To_Megative

Counted changings in %

=
)
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Figure 8.6: Amount of changing relations from 0Gy to 3kGy compared to each previous
configuration.

When comparing the change from one dose level to the next, a lower percentage is
observed, as shown in figure 8.6l About 0.15% up to 0.4% of the comparisons are
changing either to negative or positive, which is a relatively low value. However, it is
important to note that the oscillators that change are mostly different. Attempts to
filter the ring oscillators for those with a higher impact on the number of changes did not
result in a significant reduction. The number of oscillators that stay consistent is lower
than the ones that change. Therefore a graph is used to display which ring oscillators
exhibit a consistent frequency relation throughout the entire measured dose. A 130x130
comparison matrix is used. A minus (-) indicates a consistent negative relation over the
measured dose, a plus (+) indicates a positive relation and an x indicates a changing
relation. The matrix is shown in figure [8.7] and is furthermore added to the appendix
Bl The matrix shows that the inconsistent comparisons are scattered throughout the
matrix. In the end only, 16 oscillators demonstrate a consistent relation with all others
across the full dose range.
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8 Results of the qualification tests

Figure 8.7: Comparison matrix of all ring oscillators from 0Gy to 9kGy.

For further analysis, this matrix is also set up with 3kGy intervals as previously done.
The results are attached in the appendix [Bl Over the dose range of 0Gy to 3kGy,
18 ring oscillators remained consistent, which is only two more than over the full
dose range. For the range from 3kGy to 6kGy, 40 remained consistent, and for the
last range from 6kGy to 9kGy, 32 remained consistent. Therefore, the highest impact
and changes occur in the dose level up to 3kGy and after this, the effect seems to decrease.
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8 Results of the qualification tests

Figure displays five ring oscillator frequencies. This example shows one oscillator
that has a consistent relation to all others and two that are inconsistent. Only the ring
oscillator 76 in the middle of the graph shows a consistent relation due to its higher
frequency difference related to the others. It should be noted that this is just an excerpt
of the complete data. The other 125 ring oscillators show frequencies in the range from
In order to enhance readability, the number of
displayed frequency graphs has been significantly reduced. A closer look to the relation
of two ring oscillators is shown in figure 8.9 It can be seen, that the frequency of these
two oscillator are crossing the line of each other multiple times. For a perfect results

6.2kHz to 7.4kHz at the 0Gy start.

they should never cross, which is not the case.

Freguency [Hz]

68

62

60

Frequency of five Ring Oscillators
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Figure 8.8: Frequency of five ring oscillators over the dose.
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106 Frequency of two Ring Oscillators up to 1kGy
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Figure 8.9: Frequency of two ring oscillators from 0Gy to 1kGy.

A further comparison matrix is set up at a dose level of 2.5kGy, as shown in the appendix
due to the observed peak in frequency at a dose level of approximately 2.7kGy (figure
. This peak could also be observed in the current consumption of the test setup. Up
to 2.5kGy, 30 ring oscillator exhibit a consistent relation to the others, which is similar
to the range of relations observed from 3kGy up to 9kGy. The reason for this peak in
the results in unknown and should be considered for a possible repetition of the test.

The percentage of changing ring oscillators compared to the total number of comparisons
is approximately 2%, which is quite low. However, for a perfect result, no oscillator
should alter the frequency relation to another one. Filtering the data for chains that
have a strong impact on the variation did not prove effective. Although some chains
have a higher impact than others, it is not sufficient to consider them as a runaway or
faulty chain that should be excluded from the calculation. In the end, the number of
changing relations between the ring oscillators shows a consistent number throughout
the entire radiation dose.
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8 Results of the qualification tests

8.2 iICE40 UltralLite

The iCE40 UltraLite [FPGAl was tested in one radiation campaign in November 2023.
The Breakout Board with the iCE40 UltraLite can be seen in figure 8.10] after integration
in the test setup at [PSIl

Figure 8.10: Picture of the iCE40 UltraLite at [PSIl

The test was done with three setups. A standard version without triplication, a version
with [TMR] and a version where the [FPGA] was filled as much as possible with watchdog
instances. Therefore a total of 12 watchdogs where implemented and voted to one output
to check if the behaviour becomes more robust by this approach. This version is named
as ,Full FPGAF. No events were observed for the standard version of the watchdog test.
This is why only the upper limit of the cross section could be calculated. The results are
displayed in table [8.3]

Figure R.11] shows that the [TMR] version performs slightly better than the version where
the chip was filled as much as possible. The attempt to vote the signal from more
outputs, not have led to an improvement of the results. Additionally, this version almost
completely filled the space of the chip, increasing the likelihood of hitting a critical
element compared to a smaller, more compact design.
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8 Results of the qualification tests

Setup Events Fluence Lower Limit cross section Upper Limit
p/em? em?/ Bit cm?/ Bit em?/ Bit
No TMR  NaN  1.44 x 101! NaN NaN 2.56 x 10711
TMR 1 220 x 1011 9.17x 1071 454x10712 253x 1071

Full FPGA] 4 6.38 x 1010 1.67 x 10712 6.27 x 10712 1.61 x 1011

Table 8.3: Watchdog results for the iCE40 Ultralite.
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Figure 8.11: Results of the Watchdog test.

The results themself show a low cross section for this application test, but with a higher
uncertainty due to the low number of observed events. These test results can serve as a
basis for additional investigations on the [FPGAl
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O Conclusion and Outlook

In this master thesis, a general overview of radiation effects on electronics together with
common mitigation techniques has been given. Following this, a brief introduction to
is provided, along with a detailed description of the GateMate [FPGA] and the
iCE40 UltraLite. The devices are tested in different setups. First, an environment for
measuring the leakage current of the GateMate [FPGAl was set up and corresponding
leakage current measurements were carried out. The radiation qualification tests at
where explained, finished and evaluated. The iCE40 UltraLite is tested in a first
application test, which is a basic setup of the function for which this could be
used for. The results are also evaluated.

The leakage current of the GateMate is measured for two different types of
produced chips. One is a short-loop production and one is a standard type. The results
of this test show a clear difference between the types. The short-loop device has a
higher leakage current compared to the second [FPGAlchip. This can be explained by
the manufacturing process. As the name of this process suggests, the short-loop chip
does not go trough the whole production process like a standard full-loop chip. The
difference is clearly visible in the results shown in figure and As expected, the
curve for both devices shows an exponential increase in leakage current as a function of
temperature without any outliers.

The test designs of the GateMate were focused on the benchmark test B13 and the
configuration test, which are the outstanding radiation tests for the GateMate
[FPGAl The benchmark B13 test was prepared in combination with a Zedboard and
the setup was transferred to the MicroZedboard at [CERNL The design included 100
B13 instances for the non version and 33 B13 instances for the version.
The sensitivity of the [CRAM] was tested using a design of an XOR chain. Both tests
resulted in a low cross section, comparable to other of this technology node.
The radiation qualification of the GateMate at has been completed and a brief
summary of the results has been documented in a paper. Additionally, this paper was
submitted to the Nuclear and Space Radiation Effects Conference (NSREC) in Canada
in July of 2024 and was accepted.

The results of the previously conducted [TIDI test were re-evaluated, with focus on the
frequency relation between all ring oscillators across the measured dose range for the use
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in a Physically Unclonable Function (PUE]). The data indicate a consistent number of re-
lations that change throughout the entire dose range. Ideally, no relation should change.
In fact only about 2% of the total comparisons show changes. Additionally, some of the
oscillator frequencies are very close to others. In these cases, even a small frequency
change can lead to a changed comparison result. An interesting continuation of the test
for use in [PUEEk, would be the implementation of ring oscillators and the observation
of their behavior at different temperatures. The most stable oscillators could then be
used for a comparison under irradiation, to determine if their behavior remains consistent.

The results obtained from the Lattice iCE40 UltraLite FPGA provide an intriguing
starting point for further investigation at The cross section of the watch-
dog setup is in a low range giving motivation for further tests. Therefore, it is
necessary to implement the test setups as they were used for the GateMate irradia-
tion qualification also for the iCE40 UltraLite to evaluate the performance of this [FPGAL
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A Appendix: Software and Hardware

Vivado:

e Name: Vivado 2022.2 and 2020.1

e Manufacturer: Xilinx

e URL: https://www.xilinx.com/products/design-tools/vivado.html
Vitis:

e Name: Vitis 2022.1

e Manufacturer: Xilinx

e URL: https://www.xilinx.com/products/design-tools/vitis.html
iCEcube2:

e Name: iceCube2

e Manufacturer: Lattice

e URL: https://www.latticesemi.com/iCEcube2
Diamond Programmer:

e Name: Diamond Programmer

e Manufacturer: Lattice

e URL: https://www.latticesemi.com/LatticeDiamond
GateMate:

e Name: GateMate evaluation board V3.1.A

e Software: Toolchain Version 05.2023

e Manufacturer: Cologne Chip

e URL: https://colognechip.com/programmable-logic/
gatemate-evaluation-board/
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A Appendix: Software and Hardware

Zedboard:
e Name: Zedboard 7020

e Manufacturer: Avnet

e URL: https://www.avnet.com/wps/portal/us/products/avnet-boards/
avnet-board-families/zedboard/
MicroZedboard:

e Name: MicroZed 7010,/7020
e Manufacturer: Avnet

e URL: https://www.avnet.com/wps/portal/us/products/avnet-boards/
avnet-board-families/microzed/

iCE40 Ultra Lite:
e Name: iCE40 Ultra Lite Breakout Board

e Manufacturer: Lattice

e URL: https://www.latticesemi.com/products/developmentboardsandkits/
ice40ultralitebreakoutboard

Thermostream:

e Name: Thermostream

e Manufacturer: inTEST Thermal Solutions

e URL: https://www.intestthermal.com/temptronic/thermostream
HMC Power supply:

e Name: HMC 8043

e Manufacturer: Rode & Schwarz

e URL: https://www.rohde-schwarz.com/de/produkte/messtechnik/
dc-netzgeraete/rs-hmc804x-dc-netzgeraeteserie_63493-61542.html

Digital Multimeter (DMM]):
e Name: 6500
e Manufacturer: Keithley

e URL: https://www.tek.com/de/products/keithley/digital-multimeter/
dmm6500
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B Appendix: frequency data

This appendix includes the graphics of the data evaluation, including the graphics
for:

e Frequencies compared to 0Gy:
— 0-3kGy
— 3-6kGy
— 6-9kGy

e Frequencies compared to previous dose level:
— 0-3kGy
— 3-6kGy
— 6-9kGy

Comparison Matrix:
— 0-3kGy
— 3-6kGy
— 6-9kGy
— 0-2.5kGy

Frequency of five ring oscillators up to 9kGy

Frequency of two ring oscillators up to 1kGy
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Figure B.1: 0-3kGy compared to 0Gy.
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B Appendix: [TIDl frequency data
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Figure B.2: 3-6kGy compared to 0Gy.
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Figure B.3: 6-9kGy compared to 0Gy.
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B Appendix: [TIDl frequency data

Changings compared to previous dose level
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Figure B.4: 0-3kGy compared to previous dose level.
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Figure B.5: 3-6kGy compared to previous dose level
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Figure B.6: 6-9kGy compared to previous dose level
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B Appendix: [TIDl frequency data

Fully compared up to 9kGy

Figure B.7: Comparison matrix of all ring oscillators.
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B Appendix: [TIDl frequency data

0-3kGy

Figure B.8: Comparison matrix up to 3kGy.
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B Appendix: [TIDl frequency data

Figure B.9: Comparison matrix from 3kGy to 6kGy.
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B Appendix: [TIDl frequency data

6-9kGy

Figure B.10: Comparison matrix from 6kGy to 9kGy.
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B Appendix: [TIDl frequency data

0-2.5kGy

Figure B.11: Comparison matrix up to 2.5kGy.
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Figure B.12: Frequency of five ring oscillators over the dose.




B Appendix: [TIDl frequency data

[£2] 3s00

1 Jo3e|)1250 Bury
¥ 4038|1350 Bury —

r DeTL

MBI

- DOE'L

M CDEL

FOTEL

FCTEYL

FOZEL

M CTEY

AT 01 dn sao1eqiaso Bury omy Jo Aousnbalyy

93T

[2H] Azu=znbauy

82

Figure B.13: Frequency of two ring oscillators from 0Gy to 1kGy.
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Structure of the guide:

The first section discusses how to create an IP as an Axi4-Lite interface in Vivado. A
block design is created in Vivado and then exported. At the end of the chapter, an .xsa
file is provided for the next installation steps.

In the second chapter, the .xsa file of the hardware design is used to perform the Petal.-
inux installation. If you already have an .xsa file, you can skip to chapter 2.

In chapter 3, the files created during the installation process are loaded onto a disk which
is divided into two partitions. The result is a bootable project on the disk.

The two following chapters 4 and 5 contain test options for the project and a short in-
troduction to commands for adapting the source code.

Chapter 6 uses the Petalinux project to generate a platform in Vitis. Based on this
platform an application written in C can be executed.



1 Integration of an IP with a hardware
design in Vivado

The creation takes place under Vivado 2022 and serves as an example to illustrate the
procedure.

1.1 Create and package new IP

1.1.1 The first step is to create a new project in Vivado and assign a name to it.

VIVADO! 7

ML Editions

Project Name
Enter 3 name for your project and specify a directory where the project data files will be stored. ¢

Quick Start

Projectname: [Projekttiamd ]

Create Project >
Open Projectl Project jocation: C:{Users/larsk

Open Example Project > &) Create project subdirectory

Project will be created at C/Users/larsk/ProjektName

(2 « Back [ | cancer |
i o L= | i

1.1.2 Choose RTL project and go on.

# New Project X

Project Type
Specify the type of project to create. ’
e RTLProject
You will be able to add sources, create block designs in IP Integrator, generate IP, run RTL analysis, synthesis, implementation, design planning and analysis.
] Do not specify sources at this time
Project is an extensible Vitis platform

Post-synthesis Project
You will be able to add sources, view device resources, run design analysis, planning and implementation.

1/O Planning Project
Do not specify design sources. You will be able 10 view part/package resources,

Imported Project
Create a Vivado project from a Synplify Project File.

Example Project
Create a new Vivado project from a predefined template.

? < Back Cancel




1 Integration of an IP with a hardware design in Vivado

1.1.3 Choose the board for the project.
— lAttention! please make sure that the correct board file is selected.

— If necessary, the catalog should be updated. — Refresh

# New Project

Default Part
Pl

Choose a default Xilinx part or board for your project.

Pars | Boards
10 To fetch the latest available boards from git repasitory, click on ‘Refresh’ button. Dismiss

Reset All Filters

Vendor:  All v Name: | All v Board Rev: | Latest
a <,
Search: < zedboard v | (3 matches)
Display Name Preview Status  Vendor File Version  Part
ZedBoard Zynq Evaluation and Development Kit
A ormion Gad Copacicns B o weon o e
Zedboard
kX digilentinc.com 1.0
Zedboard
u Installed digilentinccom 1.0 xcT2020clg484-1

<
Refresh | Catalog was last updated on 01/04/2023 10:22:16 AM

— In this example, the Zedboard is wused: ZedBoard Zyng Evaluation and

Development Kit from avnet.com
1.1.4 The project can be created with the following settings.

New Project Summary

vwxgxgg‘

0 A new RTL project named ProjektName’ will be created.

@ The default part and product family for the new project:
Default Board: ZedBoard Zynq Evaluation and Development Kit
Default Part: xc72020cig484-1
Family: Zyng-T000
Package: clgd84
Speed Grade: -1

£ XILINX  1ocesie te project ko




1 Integration of an IP with a hardware design in Vivado

1.1.5 The next step is to create a block design.
— Create Block Design — name the project

Project Summary 200X
Overview | Dashboard
Settings  Foiit
Project name: ProjeiaName
Project location: C/Users/larsk/ProjektName
Product family: Zyng-7000
Project part: ZedBoard Zynq Evaluation and Development Kit (xc72020cig484-
Top module name:
Target language:
Simulator language:
4 Create Block Design x}

Ba

Please specify name of black design. P
D ant Kit
B4
B{ Design name: ProjekiName [
o

Directory: & <Local to Project> v
R Vado/2022.2xhub/toard store/xilink_board store
Ul Specifysource set - Design Sources v
B ot Kit
d L
Synthesis Implementation
Status: Not started Status: Not started
Messages: No eors or wamings Messages: Mo errors or warmings

1.1.6 Theoretically, the design can now be created. The subsequent section will describe

the process of creating one’s own IP. If this is not required, the you can proceed to section
1.3.



1 Integration of an IP with a hardware design in Vivado

1.2 Creation of an IP in Vivado

1.2.1 A new IP can be created if necessary. In this example, we are dealing with an
Axi-Lite interface.
— Tools — Create and Package New IP

File Edit Flow Jools Repgrts Window Layout View  Help

E‘ ) Create and Package New IP... |
Create Interface Definition... r'
v PROJECT MANAG Enable Dynamic Function eXchange... ‘
£ Settings Run Tel Script...
Add Sources Property Editor

Associate ELE Files...
Language Templa #
Generate Memory Configuration File...

IP Catal N
e o Compile Simulation Libgaries...

Vivado Store...
v IP INTEGRATOR

Custom Commands ’
Create Block Desig

Launch Vitis IDE

Q  Language Jemplates
Settings...

1.2.2 Choose Create a new AXI4 peripheral.

¢ Create and Package New IP X

Create Peripheral, Package IP or Package a Block Design
Please select one of the following tasks. [

Packaging Options

Package your current project
Use the project as the source for creating a new IP Definition.

Package a specified directory
Choose a directory as the source for creating a new IP Definition.

Create AXI4 Peripheral

@ Create a new AX4 peripheral
Create an AX4 IP, driver, software test application, IP Integrator AXI4 VIP simulation and debug demonstration design.

(2) < Back Next > [ Cancel |



1 Integration of an IP with a hardware design in Vivado

1.2.3 Assign a meaningful name and, if necessary, a short one-liner as information about

the project.

¢ Create and Package New IP

Peripheral Details

Specify name, version and description for the new peripheral

Name: ProjektName
Version: 1.0
Display name: ProjektName_v1.0

Description:  Kurze Projekt Info

IP location: I(:/u;ers/\arsk,hp,repo

() Overwrite existing

1.2.4 The settings must be adjusted according to the project requirements.
— Interface Type, Data Width, Number of Registers

¢ Create and Package New IP

Add Interfaces
Add AXM4 interfaces supported by your peripheral

Enable Interrupt Support + -
Interfaces
> SO0_AXI
¢
| — S00_AXI

Prc;jektName v1.0

/
Name S00_AXI
Interface Type Lite v
Interface Mode Slave v
Data Width (Bits) 32 v
Memory Size (Bytes) 64 v
Number of Registers I}Zi [4.512]




1 Integration of an IP with a hardware design in Vivado

1.2.5 Edit IP directly in the next step.
— Next Steps: Edit IP — Finish

¢ Create and Package New IP

Create Peripheral

VIVADO'

Peripheral Generation Summary
1. IP (xilin.comuser.ProjektName:1.0) with 1 interface(s)
2. Driver(v1_00_a) and testapp more info
3. AX14 VIP Simulation demonstration design more info
4. AX14 Debug Hardware Simulation demonstration design more info

Peripheral created will be available in the catalog :
C/Users/larsk/ip_repo

Next Steps:
Add IP to the repository
@ caitip
Verify Peripheral IP using AXI4 VIP

Verify peripheral IP using JTAG interface

i: XILI NX Click Finish to continue

1.2.6 The project can now be customized in the opening area. You can insert or add
your own program code as well as inputs and outputs. The interface communication can
remain the same or be replaced by your own. However, it should be easiest to adapt the
register code in the second part of the program. However, this must be done according

to the requirements and the project.



1 Integration of an IP with a hardware design in Vivado

1.2.7 When the code has been modified as required, check in the Package IP window if
all the check marks are green or if there are still changes to be made. This is confirmed
with Re-Package IP. The IP window is automatically closed and the project is saved.

Project Summary = [Package IP - ProjektName x  ProjektName v1 O.v x
Packaging Steps Review and Package
+ Identification
' Summary
«  Compatibility Display name: ProjektName_v1.0

Description: ~ Kurze Projekt Info
«'  File Groups

Root directory: ¢/Users/larsk/ip_repo/ProjektName_1_0
+ Customization Parameters
« Ports and Interfaces
+  Addressing and Memory
~ Customization GUI
+/ Review and Package
After Packaging

An archive will not be generated. Use the settings link below to change your preference
Project will be removed after completion

Edit packaging settings

Re-Package IP

1.2.8 The IP created is then directly available. If this is not the case, the path where the
project is saved should be checked or saved as IP access.



1 Integration of an IP with a hardware design in Vivado

1.3 Create Block Design

1.3.1 The block design can now be created. To do this, add the modules using the +
symbol.

Diagram  x Address Editor x| Address Map i
Q a X & o Qq + B &, C O | = DefaunView ~ &
# Designer Assistance available. Run Block Automation Run Comnection Automation
Projektname 0
4 so0ma
= 500_axi_aclk

4 500 axi_wesetn

Projektname_v1.0 {Pre-Production)

Froomsing sten?.0

]

oo +]]

axen 0 + ||

- .

MAx GO ZYNQ MAKLGPO £
FCLK CLKD [~

‘ FOK RESETON B>

Z¥YNQT Processing System

1.3.2 Once all modules have been added, Vivado can perform the connection automati-

cally.
— Run Block Automation
— Run Connection Automation

Diagram = Address Editor  x | Address Map 700
a a@ X B o Q & + B # C o = Default View v o
Projektname 0
% e PS7.0_axi_periph
- . 1+ s00m0
= Acix
3 (Pre-Productior o el
§ FEE —Jsoacx WIS moan 4+
soo et
< Mo ALK
b n00 ARESETN
processing system? 0 —_—
oo +[F D> oor
00 + |k D Aixenio
wssnoo 4+l

- MAKLGH [

A GROACLK TICO.WAVEDOUT |-
ZYNQ TICO WAVELOUT [ rst_ps7 0_100M

TICO WAVEZ OUT [~ e ee———

FCLK_CLK0 slowestsyn_clk b st

FOLK RESETO N < extresetin s struct resetl00]

[P p— peripheral resee 0] .

ZYNGT Proce = mb ek st intecornect areseini0 @
= dom locked peripheral aresein(@0] @—




1 Integration of an IP with a hardware design in Vivado

1.3.3 Then check the settings of the module you are using. This is a Zynq module. The
clock should be set to 100MHz.
— Right click on the Zynq Block — Customize Block

¢ Re-customize IP X

ZYNQ7 Processing System (5.5) d

@ Documentation £ Presets IP Location &} Import XPS Settings

Page i 3 Clock C Summary Report

Zynq Block Desigr  Basic Clocking ~ Advanced Clocking

PS-PL Configuratic Input Frequency (MHz) 33.333333 CPU Clock Ratio 6:2:1 v

Peripheral I/O Pins - Q = & ol

MIO Configuratior Search: @

TS Component Clock Sour..  Requested Fr..  Actual Freque.. Range(MHz)
> Processor/Memory Clocks ol
DDR Configuratior > 10 Peripheral Clocks
. PL Fabric Clocks
SMC Timing Calcu
(v FCLK CLKO IOPLL  » |100.000000 100.000000 0.100000 : 250.00000(
Intefrupts () FcLx cikt 10 PLL 150.000000 10.000000 0.100000 : 250.00000¢
() FCLK_CLK2 10 PLL 50 10.000000 0.100000 : 250.00000(
() FCLK_CLK3 10 PLL 50 10.000000 0.100000 : 250.00000¢
> System Debug Clocks v

[ | [omet |

1.3.4 If all settings are as required, an HDL wrapper can be created
— Right click on the project — Create HDL-Wrapper

BLOCK DESIGN - ProjektName

Sources x Design  Signals | Board ? 0|  Diagram x Addres:
Q|E| ¢ |+ -4 a e i
Design Sorces Source Node Properties...
ProjektName (ProjektName.bd) (1 Open File
Constraints

HI 2
Simulation Sources STk Wrsre

Utility Sources View Instantiation Template
Generate Output Products.

Reset Output Products..

Hierarchy IPSources  Libraries  Con

X Remove File from Project..

10



1 Integration of an IP with a hardware design in Vivado

1.3.5 Next, the synthesis must be performed.

— Run Synthesis

1.3.6 If there are no errors, open the design and go to the schematic.

— Open Synthesized Design — Open schematic with click on I/O Ports

SYNTHESLZID DESIGN * - sy s cigibh |

Souces Motk =0

o o] [=i=lai8i%1%i0l0 |+ )¢ sm[Emma] me .
R re—
et (134 _| FoEn 0 ddump
Lo ot FOED 10, mio{s20]
S O — R
FXED 10, ps ports
.0 JBUF st | 0.0 pa - |
o FXED 10, ps srth
140 Port Properties _oan o O | FXED 0 ps i
Bao - = 0 1BUF oo
[
Qo | Popenes  Cortgure powes . =~
TdComsle | Menges |Log |Reports | Desgnfums | I Siater | ndesids - o
a < e 0 C
tare Dincion BowsParifin  Bose P irace  nerace Nag D Fackage P g Bank (O3 Vo Vool Do Sungin S Typw PuType. 1o Teemin
@ XED L0 proois  MOUT ko 0.5 " <o wouosss a0 2 o s
# WOEDJ0 s WOUT 0.0, 50934 ) < s wenosw 1300 u st HonE s
Do ~ 1 U defadt AVCMOSIS) - 1800 HOWE v NONE
ano our v detwst AVCMOSTE) - 1800 ” v NONE AT S i
° ooRsanna ot oom semse “ . s s w0 am wone o s

1.3.7 If input and output ports are required, they are now assigned to pins on the board.
The assignment can be found in the board documentation..
— Pins JA1 and JA2 on the Zedboard are used here as an example..

Table 16 - Pmod Connections

11



1 Integration of an IP with a hardware design in Vivado

— rx and tx must therefore be assigned to pins Y11 and AA11 on the board. Due to the
higher signal voltages the field I/0 Std LVCMOS33* has to be set correctly.

B n0 N n v M 13 LVCMOS33” = 3300
4o out AAT v & 13 LVCMOS33 = 3300

1.3.8 The new settings must be saved before the design is closed.
—Assign a meaningful name, e.g. pins.xdc

¢ Save Constraints x
Select a target file to write new unsaved constraints to.

Choosing an existing file will update that file with the new '
constraints.

®) Create a new file

Eile type: I’ XDC v

File name: pins.xdc ]

File location: » <local to Project> W

«<select a target file> v
\z) OK Cancel

1.3.9 The bitstream can then be generated.
— Generate Bitstream

> SYNTHESIS Bitstream Generation Completed X

¥ IMPLEMENTATION o Bitstream Generation successfully completed.

P Runimplementation

Next
> Open Implemented Design
(®) Qpen Implemented Design
~ PROGRAM AND DEBUG S Ferions

¥ Generate Bitstream Open Hardware Manager

. O AT MG Generate Memory Configuration File

Don't show this dialog again

12



1 Integration of an IP with a hardware design in Vivado

1.4 Export Hardware

1.4.1 Once the bitstream is generated without errors, the design can be exported.
— File — Export Hardware

¢ ProjektName - [C:/Users/ j ne/Proj xpr] - Vivado 2022.2

Eile  Edit Flow Tools Reports  Window  Layout  View E

7 ]

Project , | B .! n o Iz
Add Sources... t DESIGN - ProjektName *
Close Project Lo

Bources  Design  x Signals
Save Block Design -

Qa = 4

Save Block Design As... |

i ProjektName

lose Block Design
- 9 External Interfaces

Checkpoint d Interface Connections
Nets
¥ processing_system7_0 (Z

]

Projektname_0 (Projekt

i ' %] ps7_0_axi_periph

Text Editor > ¥ rst_ps7_0_100M (Processor Sys
Export Export Hardware...

Print... + Export Block Design...

Exit

1 Export Simulation...

¥ RTL ANALYSIS

1.4.2 Please make sure that the bitstream is included (Include bitstream).

ks v

N FCTMAN ¢ Expon Hardware Platfom

& Settings
Add Sources Output
Set the platiomn propserties 10 inform downstream 100 of the intended use of the Target platform’s hardware design. ‘
Language Templates
T P Catatog
Pre-synthusis
* IPINTEGRATOR This platform includes a hardware specification for downstream software fools.
Create Block Design @ Inclucie betstream
This platform incluudes the compilete hardware implamentation and bitstream, in atdition 10 the hardwiare specification for softwans
Open Black Design o

Gererate Block Design

13



1 Integration of an IP with a hardware design in Vivado

1.4.3 You can now assign a name for the file to be saved in the project folder.

¢ Export Hardware Platform x

Files
Enter the name of your hardware platform file, and the directory where the XSA file will be stored, I

XSA file name: ProjektName_wrapper

Export to: C/Usersflarsk/ProjektName

The X5A will be written to: C'\Users\larsk\ProjektName\ProjekiName_wrapper.xsa

< Back Einish | Cancel |

— The project is now available as an .xsa file and can be used for the PetaLinux
installation

14



2 PetaLinux-Installation

The installation process takes place under Linux on the lab computer. Commands are
entered and executed in the terminal. Most steps can also be done via Remote Desktop.
Only the creation of the data medium with the insertion of the root file can only be done
directly on the PC where the data is located. Subsequent changes can then be made
again via Remote Desktop if only the program code is changed and the sdk file does not
need to be modified.

2.1 Installation of the PetaLinux environment
(one-time implementation)

2.1.1 First open the input terminal and connect to the hoerni server. The installation
process will then take place via this connection.

— ssh hoerni

2.1.2 Login with the user password of your lab account.

— Password

2.1.3 Now you need to load the appropriate environment module, install PetaLinux, and
accept the license agreement.

— module load Xilinx/Petalinux/2021.2

— petalinux-v2021.2-final-installer.run -d

JG1144 Petalinux

15



2 PetalLinux-Installation

2.1.4 The location where the installation files will be stored is then created. This can
be in the path of your home directory, for example. The name here is simply chosen as
petalinux.

— mkdir <user home dir>/petalinux

(<user _home dir> names the path to the users home directory)

2.1.5 The next command makes the necessary PetalLinux commands available

— source settings.sh

J61144 2021.2 Peta

2.1.6 A file must now be downloaded from the Xilinx website and installed. This is a
board support package for the FPGA board used (Zedboard).

Direct link to file: Board support Package
https://www.xilinx.com/member/forms/download/xef .html?filename=
avnet-digilent-zedboard-v2021.2-final.bsp

Link via website, choose the red marked file shown in the example.
https://www.xilinx.com/support/download/index.html/content/xilinx/en/
downloadNav/embedded-design-tools/2021-2.html

Zyng-7000 SoC Board Support Packages - 2021.2

> Download Includes Zyng-7000 SoC Board
Important Information
Support Packages
Download only the required BSP(s) depending on the evaluation board that is Download Type
being used. All BSPs have a prebuilt directory with bootable images. Hover your Last Updated Oct 27,2021
mouse over the download hyper-link to see a description of the BSP contents. Answers Release Notes and Known
Issues
Documentation PetaLinux Tools

g Documentation
& 7C702 BSP (BSP- 118.17 MB)

MD5 SUM Value : f3ca87fed18a2f0a93c8ee0869cf341f

& 7C706 BSP (BSP- 126.73 MB)

MD5 SUM Value : 62bf2cbf0Ocec26376ec2fc12f3a34b7

& ZEDBSP (BSP-117.39 MB)

MD5 SUM Value : d2ba98a3caacScbadef5376003d2aScl

16



2 PetalLinux-Installation

2.1.7 The file must be placed in the PetaLinux folder, and the subsequent installation
must be performed in that folder. The command mkdir creates a new subfolder where
the following installation files will be placed. A new project folder is created and the
board file is loaded and installed with the following command. The name of the subfolder
is zedboard_linux. The file contains e.g. information for the bootloader.

— petalinux-create --type project --name --source avnet-digilent-zedboard-v2021.2-
final.bsp

2.1.8 The license agreements must be confirmed again in order to continue.

17



2 PetalLinux-Installation

2.2 Configure the project

The following steps can now be repeated whenever the project has been changed or a
new one is created. If necessary, the connection to the server must first be established,
with ssh hoerni and login using your own password. Please take care about the folder
you are using! [3mm] 2.2.1 The hardware design is now imported and previously saved
in the project folder. The next steps can be done in this folder. In this example this is
the zedboard_linux folder.

— cd zedboard linux

2.2.2 Now the PetaLinux installation will be done with the hardware design and the .xsa
file will be included.

— petalinux-config —get-hw-description Projektname wrapper.xsa

2.2.3 The installation takes a moment and then a configuration window opens. Here you
can configure the system. The following settings should be made, but can be tweaked as
needed.

oemi:~/Documents/petalinux/s ard_ling

ig 5 N
Arrow keys navigate the menu. <Enter> selects submenus ---> (or empty submenus ----). Highlighted letters are
hotkeys. Pressing <Y> includes, <N> excludes, <M> modularizes features. Press <Esc><Esc> to exit, <2?> for
Help, </> for Search. Legend: [*] built-in [ ] excluded <M> module < > module capable

Linux Components Selection --->
Auto Config Settings --->

-%*- Subsystem AUTO Hardware Settings
DTG Settings ---»>
FSBL Configuration --->
FPGA Manager --->
u-boot Configuration --->
Linux Configuration --->
Image Packaging Configuration ---»
Firmware Version Configuration ---»>
Yocto Settings --->

< Exit

2.2.4 Specifying the IP address
— Subsystem AUTO Hardware Settings — Ethernet Settings — Static IP address

18



2 PetalLinux-Installation

Ethernet tings
Arrow keys navigate the menu. <Enter> selects submenus ---> (or empty submenus ----). Highlighted letters are
hotkeys. Pressing <Y> includes, <N> excludes, <M> modularizes features. Press <Esc»<Esc> to exit, <?> for
Help, </> for Search. Legend: [*] built-in [ ] excluded <M> module < > module capable

Primary Ethernet (ps7_ethernet @) ---3>
[ ] Randomise MAC address
(e 35:80:1e:53) Ethernet MAC address
Obtain IP address automatically
t

S -@) Static IP netmask (NEW)
192.168.0.1) Static IP gateway (NEW)

< Help > < Save > < Load >

2.2.5 The parallel thread execution is set to 24.
— Yocto Settings — Parallel thread execution

etalinux/zedboard_linux

Parallel thread execution
Arrow keys navigate the menu. <Enter> selects submenus -» (or empty submenus ----). Highlighted letters are
hotkeys. Pressing <Y> includes, <N> excludes, <M> modularizes features. Press <Esc><Esc> to exit, <?> for Help,
</> for Search. Legend: [*] built-in [ ] excluded <M> module < > module capable

PARALLEL _MAKE)
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2 PetalLinux-Installation

2.2.6 Enable Buildtools Extended is set. (This is a better adapted version of Xilinx for
this application)
— Yocto settings — Enable Buildtools Extended — Y zum Auswihlen

Arrow keys navigate the menu. <Enter> selects submenus ---> (or empty submenus ----). Highlighted letters are
hotkeys. Pressing <Y> includes, <N> excludes, <M> modularizes features. Press <Esc><Esc> to exit, <?> for Help,
</> for Search. Legend: [*] built-in [ ] excluded <M> module < > module capable

(zyng-generic) YOCTO_MACHIME_NAME
Yocto board settings --->
TMPDIR Location --->
Devtool Workspace Location ---»>
Parallel thread execution --->
Add pre-mirror url --—=>
Local sstate feeds settings --->

[*] Enable Network sstate feeds

Network sstate feeds URL --->
Enable BB NO NETWORK
ii | Enable Buildtools Extended]

User Layers --->

2.2.7 Exit settings with EXIT and save with Y.

2.2.8 The rootfs config is now editable. This can be accessed in the terminal with the
following entry.

— petalinux-config --c rootfs

2.2.9 Add Peek and Poke to read and write registers.

— apps — peekpoke — choose with Y

©r] awalsemann@hoerni:~/Documents/petalinux/zedboard _linux

ard_1inux/f

Configuratior

Arrow keys navigate the menu. <Enter> selects submenus ---> (or empty submenus ----). Highlighted letters are
hotkeys. Pressing <Y> includes, <N> excludes, <M> modularizes features. Press <ESc»><Esc> to exit, <2> for Help,
</> for Search. Legend: [*] built-in [ ] excluded <M> module < > module capable

Filesystem Packages ---
Petalinux Package Groups --->
Image Features --->

apps  --->

user packages  ----

Petalinux RootFS Settings

< Exit > < Help > < Save > < Load >
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2 PetalLinux-Installation

With peek and poke, data can be read from or written to the memory at a desired
address for test purposes.

2.2.10 The next command in the terminal creates the project and saves the program
files.

— petalinux-build

— petalinux-package --boot --u-boot --format BIN --force

The created files are located in the folder zeboard linux/images.

21



2 PetalLinux-Installation

2.2.11 The last step is to generate the SDK for later use in Vitis in the Linux folder.
— cd images/linux/
— petalinux-build —sdk

2.2.12 The sdk file only needs to be reloaded later if necessary, e.g. for new drivers. If
only the program code has changed independently of the further requirements for Vitis,
it is sufficient to reload the BOOT.BIN, BOOT.src and u_boot.ub files onto the SD card.
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3 Prepare SD card for boot files

3.1.1 The SD card must be split into two partitions. The division is relatively arbitrary,
but the boot partition should always be larger than the root partition.
— Open drivers (Laufwerke)

wﬂ Orte  Laufwerke

Favorken ‘5 Archivverwaltung
Biro
. g Betrachter fiir entfernte Bildsc...

Dokumentation
Entwicklung Q Bildbetrachter
etk E Bildschirmfoto
Hilfsprogramme

€. Dokumentenbetrachter
Internet —
Multimedia @ Festplattenbelegung analysier...
Systemwerkzeuge

L9 Laufwerke
Verschiedenes
Zubehdr (' Passwirter und Verschllsselu.
Sonstige b schriften

4| Zeichentabelle

3.1.2 Divide into two partitions, if necessary delete an existing one with -.

CompactFlash Kartenleser a O = a x
g, 2.0 B Festplante Modell TS-RDFS5A Transcend (0009)
TOSHIBA DTOIACA200
. CD/DVD-Laufwerk Medien CompactFlash-Karte
PLDS DVD+/-RW DU-BASLH GroRe 32 GB (31.927.042.048 Bytes)
npactflash Kartenleser Partitionierung Partitionssektor
54 GB Blockgerat Serlennummer 000000000009
== jevicentasiront B
17 GB Blockgerat
fdevicentosiswap
. 1.1 TB Blockgerat
== tdevicentosihome Frever Platz
4.2 ME
[ | - &
UUID 1F2B-39FE

Partitionstyp W95 FAT32 (LBA)
Inhalt FAT (32-Bit-Version) - Eingehéngt in /run/media/lkoers/1F 28-39FE
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3 Prepare SD card for boot files

3.1.3 Next, add a new partition with +.

CompactFlash Kartenleser
fdevivdh ‘ A 0 8 ' -
» 2,0 TB Festplatte o
B SHIBA DTOLACAI00 Modell TS-RDFSA Transcend (0009)
— CDIDVD-Laufwerk Medien CompactFlash-Karte
PLDS DVD +/-RW DU-BASLH Grtihe 32 GB (31.927.042.048 Bytes)

Partitionierung Partitionssektor

15. R

54 GB Blockgerat Serlennummer 000000000009

Fdevicentosiroot
17 GB Blockgerat

Idevicentos/swap
11 TB Blockgerat
== {devicentosmome

==

Inhalt Nicht zugewlesener Platz

3.1.4 Define memory allocation. e.g. 512MB or 1GB for the first partition.

Abbrechen Partition erstellen

e

Partitionsqré@e | 10 - 4+ | GBE =

AnschlieBender frejer Speicherplatz. 309 - + GB

[_) Erweiterte Partition




3 Prepare SD card for boot files

3.1.5 Specify the name of the partition with boot and leave type FAT selected.

[ Sortriaes

Zum Beispiel sMeine Dateiens oder sBackup-Datena.

Oberschreibt vorhandene Daten, aber benttigt mehr Zeit.

Typ () Inteme Disk fiir die ausschlieRliche Nutzung mit Linux-Systemen (Extd)
[_] Passwortgeschiitzter Datentrager (LUKS)
) Zur Nutzung mit Windows (NTFS)
(=) Kompatibel mit allen Systemen und Geraten (FAT)
() Andere

3.1.6 Create next partition with + and assign available remaining memory to the parti-
tion.

Abbrechen Partition erstellen Nachstes |

@)
PartionsgroBe | 309 - || GB =
AnschlieBender freler Speicherplatz | 0,0 + 6B
|| Erweiterte Partition




3 Prepare SD card for boot files

3.1.7 Assign the name root and select type Ext4.

Vorheriges Datentrager formatieren

Datentragername | root

Zum Beispiel »Meine Dateien« oder »Backup-Datens.

Loschen | Aus

Uberschreibt vorhandene Daten, aber bendtigt mehr Zeit.

Typ (e Interne Disk fiir die ausschlieBliche Nutzung mit Linux-Systemen (Extd)
[_] Passwortgeschiitzter Datentrager (LUKS)
Zur Nutzung mit Windows (NTFS)
() Kompatibel mit allen Systemen und Geraten (FAT)
(_) Andere

— Completed partitions on the SD card.

CompactFlash Kartenleser a 0

fedt
sdb

. » 2,0 TB Festplatte i
O HIBA DTOIACAZ00 Modell TS-RDF5A Transcend (0009)
. CD/DVD-Laufwerk Medien CompactFlash-Karte
=7 PLDS DVD+/-RW DU-6ASLH Groke 32 GB (31.927.042.048 Bytes)
m8 CompactFlash Kartenleser "
= TS-RDF5A Transcend Partitionlerung  Partitionssektor
000000000009
_ 54 GB Blockgerat Seriennummer
= jgevicentosiroot
Datentriger
. 17 GB Blockgerat
== Idevicentos/swap
1,1 TB Blockgerat
Idevicentos/ome boot

Partition 1
1,0 GB FAT

b | = | 5
Grofe 31 GB (30.925.651.968 Bytes)
Gerat /devfsdb2
UUID b68b9ag6-0fbS-40c5-aa82-1b9cf836853a
Partitionstyp Linux
Inhalt Ext4 (Version 1.0) - Nicht eingehangt
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3 Prepare SD card for boot files

3.1.8 The previously
copy three files to th

created files can then be loaded onto the SD card. It is sufficient to
e boot partition.

— Either copy and paste

Or by a command in
— cp images/linux/

Linux with the filename and path of the memory card (blue).
filename /run/media/user/boot

" Idevicentos/root
TR Datentréger
P ockgera
‘=).'dev1cenmsfswap
1,1 TB Blockgerat
&= ldevicentosihome
.| - | e
Groke 1,0 GB — 989 MB frei (1,2% belegt)
Gerdt /dew/sdbl
2915-6A48
P ) W95 FAT32 (LBA)
nhalt FAT (32-Bit-Version) - Eingehéngt in /run/media/lkoers/boot

| <> | |E run/media/lkoers/boot} ql |Q| = ‘ = | _ o x
© Zuletzt verwendet | Q = |
1Y Persénlicher Ordner ~ Name ~  GroBe Gedndert
@ Bilder | boot.scr 2,7kB 10:04
[ Dokumente | BOOT.BIN 51 M8 10:04
~» Downloads y i -
image.ub 46 MB 10:04
dd Musik
v Videos
1 Papierkorb
B boot
B root -
r N
lkoers@widlar:~/petalinux/zedboard _linux - o X
Datei Bearbeiten Ansicht Suchen Terminal Hilfe
[lkoers@widlar ~]$% cd petalinux
[lkoers@widlar petalinux]$ cd zedboard_ linux

[lkoers@widlar zedboard linux]$ cp images/linux/ image.ub /run/media/lkoers/boot
cp: Verzeichnis ,images/linux/" wurde ausgelassen
cp: der Aufruf von stat fiir ,image.ub” ist nicht moglich: Datei oder Verzeichnis

nicht gefunden
[lkoers@widlar
[lkoers@widlar
[lkoers@widlar
[lkoers@widlar

zedboard linux]$
zedboard_linux]$
zedboard_linux]$
zedboard linux]$

cp
cp
cp
dd

images/linux/image.ub /run/media/lkoers/boot
images/linux/boot.scr /run/media/lkoers/boot
images/1inux/BOOT.BIN /run/media/lkoers/boot
if=images/linux/rootfs.ext4 of=/dev/sdbﬂ
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3 Prepare SD card for boot files

3.1.9 The rootfs file must be moved as described in the next step!

Run the command in a Linux terminal!
MAttention move to correct path, root folder — See SD card next to device (marked in

red)

= 2.0 TB Festplatte
TOSHIBA DTO1ACA200

¢, CD/DVD-Laufwerk
= FLDS DVD-+/-RW DU-BASLH

®= CompactFlash Kartenlese

e T5-RDFSA Tra d
. 54 GB Blockgerat
= Idevicentos/root
., 17 GB Blockgerat
= Idevicentos/swap

) 1.1 7B Blockgerat

Idevicentos/home

14
G“
1
1
o
x

CompactFlash Kartenleser

odell TS-RDF5A Transcend (0009)
Medien CompactFlash-Karte
GroRe 32 GB (31.927.042.048 Bytes)
Partitionierung Partitionssektor
Seriennummer 000000000009

Datentréger

JUID b68b9a%6-0fb5-40c5-aa82-1b9cf836853a

Partitionstyp Linux

nhalt Ext4 (Version 1.0) - Eingehangt in /run/media/lkoers/root

— dd if=images/linux/rootfs.ext4 of=/dev/sdb2

lkoers@widlar:~/petalinux/zedboard _linux

Datei Bearbeiten Ansicht Suchen Terminal Reiter Hilfe

lkoers@widlar:~/petalinux/zedboard_linux "o~

lkoers@widlar:~/petalinux/zedboard_linux ~ »

[lkoers@widlar zedboard linux]$ dd if=images/linux/rootfs.ext4 of=/dev/sdb2 status=progress
65962496 Bytes (66 MB) kopiert, 9,002111 s, 7,3 MB/s
131072+0 Datensadtze ein

131072+0 Datensédtze aus
67108864 Bytes (67 MB) kopiert, 11,5065 s, 5,8 MB/s

[lkoers@widlar zedboard linux]$

3.1.10 After executing the command, the data will be on the SD card. Please check
whether there really is anything in the respective partitions. If necessary, remove and

reinsert the SD card once.
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4 Test the finished installation on the
SoC board

4.1 Test under Linux

4.1.1 Once all the steps have been completed, the SD card can be inserted into the
Zedboard, the board connected to the PC and switched on. If the installation process is
correct, the project will boot and can be used.

— Turn on — Boot process starts automatically

4.1.2 Check the connection under Linux. To do this, open the terminal window and enter
the following command:

— minicom -D /dev/ttyACMO

Ikoers@widlar:=/petalinux/zedboard - linux = H X

Datel  Bearbeiten Ansicht Suchen Terminal Hilfe
[Lkoers@widlar zedboard linux]$ minicom -D /Jdev/TUtyACMB

Willkommen 2u minicom 2.6.2

Optionen: I1En
Ubgrsetzt am Jun 186 2014, 83:28:53.
Port /fdev/ttyACME, 10:14:48

Driicken Sie CTRL-A Z fir Hilfe zu speziellen Tasten
root@zedboard: ~#

4.1.3 Among other things, peek and poke commands can be executed here for testing

purposes.
4.1.4 If the program is to be terminated, this can be done as follows.
— Strg a — then g to leave the application

koers@widlar:~/petalinux/zedboard - linux - B x
Datei Bearbeiten Ansicht Suchen Terminal Hilfe
root@zedboard:-#
| Minicom ohne Reset verlassen? |
| BT vein |
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4 Test the finished installation on the SoC board

4.2 Test under Windows with Tera Term

Commands can be sent to the board via a program such as Tera Term and the responses
read.

4.2.1 To do this, open the program and select the COM port to which the board is
connected. The boot process can then be viewed as in the example here and commands
such as peek and poke can be used at the end.

¥ COMG - Tera Term VT
File Edit Setup Control Window Help

[null)

nachine.

inuing)

[e000b000. ethernet-fE1f{f1f:

an't
arting in
i
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5 Reinstallation in case of e.g.
adjustments in the source code

5.1.1 If errors have crept in, you can always reinstall on the server. The commands
needed to do this are briefly listed here. These are sufficient to make a change that does
not affect the image or the sdk file. After the Vivado project has been exported again as
an .xsa file, the file can be placed in the Petalinux folder.

This process can now be done via remote desktop, for example.

5.1.2 Now you need to enter the following commands in the Linux terminal:
IPlease note that the texts in italics are project-specific!

—ssh hoerni

Login with password

—cd petalinux

—source settings.sh

—cd folder-of-.zsa-file

—petalinux-config --get-hw-description Projektname_wrapper.zsa
Exit when configuration settings are opened

—petalinux-build

—petalinux-package --boot --u-boot --format BIN --force

5.1.3 Then copy the three files (BOOT.BIN, BOOT.src and u_boot.ub) for the boot folder
again and drag them to the SD card.
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6 Integration of the hardware design in a
Vitis platform project

The following steps are done in Vitis 2022.2.

6.1 New Hardwareplatform

6.1.1 To start, a new platform project has to be initialised.

Welcome £
iv XILINX
a VITIS

VITIS
IDE

PROJECT PLATFORM RESOURCES
Create Application Project Add Custom Platform Vitis Documentation
Create Platform Project Xilinx Developer

Create Library Project

Import Project
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6 Integration of the hardware design in a Vitis platform project

6.1.2 Choose a name for the platform project and go on.

«J New Platform Project ] *
Create new platform project E
Enter a name for your platform project

This wizard will guide you through creation of a platform project from the output of Vivado [Xilinx Shell Archive (XSA)] or from an
existing platform. A platform will enable you to specify options for the kernels, BSPs, as well as settings required for creating new
applications. Platforms are currently supported for embedded software developers.

Platform project name: ‘ ZedF_xample‘

+ A platform provides hardware information and software

Platform environment settings.

Project
= A system project contains one or more applications that run at
the same time.

+ A domain provides runtime for applications, such as operating
system or BSP.

+ A workspace can contain unlimited platforms and unlimited
system projects.

A new platform project can be created from one of the two inputs:

From hardware specification (XSA)

Create a new platform project from a hardware specificati
can be customized later from the platform project editor.

le. You can specify the OS and processor to start with. The platform

From existing platform

Load the platform definition from an existing platform. You can choose any platform from the platform repository as a base for
your platform project.
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6 Integration of the hardware design in a Vitis platform project

6.1.3 The .xsa file, that is created from the Vivado-project, has to be selected.

— set operating system to linux
— take care, that the field Generate boot components is not set!

+J New Platform Project

Platform E

Note: A platform project will be generated automatically in workspace for the selected XSA. It can be customized later.

{17 Create a new platform from hardware (XSA) Select a platform from repository

Hardware Specification
C\Users\larsk\ZedGate\Example.xsa

vek190
vmk180
zc702
zc706
zcul02
zcul06
zed

XSA File: | Browse...

ers\larsk\ZedGate\Examplexsa

Software Specification
Specify the details for the initial domain to be added to the platform. More domains can be after the platform is created by double

clicking the platform.spr file

~

Operating system: | linux

Processor: ps7_cortexad9 ~

4. Note: The Linux domain added to the platform project needs more details to generate a platform. Please specify the missing
£ details in the platform project editor before generating the platform

Boot Components
[ Generate boot components

® | < Back | Next > | Cancel

— Finish the new platform project.
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6 Integration of the hardware design in a Vitis platform project

6.1.4 After finishing, the platform project will open up.

«J VitisExample - ZedExample/platformspr - Vitis IDE

File Edit Search Xilinx Project Window Help
O B~ K-~ 0 s HgMCE D~
. Explorer 32 | BB 8 =0 |y 4 =l
- ;ec:‘i:amvle S 9% platform: ZedExample =
@ logs ~ & ZedExample
> @ resources ~ {7} ps7_cortexad Name: ZedExample
 platform.spr v B linux on ps7_cortexad | iargware Specification: Examplexsa
[ platform.tcl 2 Libraries Description: Er
I
Samples: ‘ Browse... Q
[ Generate boot components.
Pre-built Components
FSBL: | Browse.. || Q6
JAssistant £ | EE@RO0% § =0

ZedExample [Platform]

<

Main| Hardware Specification

6.1.5 Go to the folder: linuz on ps7_corteza9
— set the Sysroot Directory to the images path from the previous Linux installation, see

for example:

— petalinux/zedboard _linux/images/linux/sdk/sysroots/cortexa9t2hf-non-cilins-linux-

genueabi

«J VitisExample - ZedExample/platform.spr - Vitis IDE

File Edit Search Xilinx Project Window Help
-G 8-~k -O A DI BE G D
. Bxplorer 22| 8% & = 0 (yzedbrample 3| Glc
~ [E ZedExample \—1 D X = i ~
& hw Domain: linux_domain
@ logs ~ [E1 ZedExample
> & resources ~ £ ps7_cortexad 0s: [ ]
N platformspr ~ B linuxonps7_cortexad | processor:
Biplatiomtd P Supported Runtimes: [
Display Name: ‘Imuxon ps7_cortexad ‘ 7
Description: linux_domain
rd
Bif File: I || Bowse. |-
Boot Components Directory: ‘ ‘ Browse... Q
Linux Rootfs: ‘ } Browse... Q
Bootmode D v
JAssistant 51| EEGRO0OF § -0 FAT3 Partition Directory: | ][ Browse. |[Q
ZedExample [Platform] Sysroot Directory: ‘ ‘ Browse... Q ©
< >

6.1.6 Build the platform project! If no errors occur, the platform

an application project.
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6 Integration of the hardware design in a Vitis platform project

6.2 Create Application Project

6.2.1 Create a new application project and select the generated custom platform.

«J New Application Project O X

Platform E
Choose a platform for your project. You can also create an application from XSA through the ‘Create a new platform from hardware
(XSA)' tab.

Select a platform from repository ‘ i7; Create a new platform from hardware (XSA)

3 I +Add £ Manage

Name Board Flow Vendor Path
E ZedExample [custom] zedboard Embedded SW Dev xilinx CA\Users\larsk\ZedGate\VitisExample\ZedExample\
B xilinx_zcu102_base_202220_1 xd Embedded Accel xilinx.com  CA\Xilim\Vitis\2022.2\base_platforms\xilinx_zcu102|
5 xilinx_zcu102_base_dfx_202220_1 xd Embedded Accel xilinx CAXilinx\Vitis\2022.2\base_platforms\xilinx_zcu102
B} xilinx_zcu104_base_202220_1 xd Embedded Accel wilinx.com  CA\Xilimd\Vitis\2022.2\base_platforms\xilinx_zcu104|
< >

Platform Info

General Info Acceleration Resources Domain Details

A
Name: ZedExample “  Theselected platform does not have Domains
application acceleration capabilities : "
Part: Xc72020cig484-1 | Domain name ey

| linux on ps7_cortexa9 | CPU: cortex-a9
Family: zyng

Description:

<
<

® < Back Finish Cancel

6.2.2 Give a name to the project and go on.

«J New Application Project m} X
Application Project Details E
Specify the application project name and its system project properties

Application project name: | ExampleTest |

System Project

Create a new system project for the application or select an existing one from the workspace [ ]

Select a system praoject System project details

== Create new...

System project name: | ExampleTest_system
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6 Integration of the hardware design in a Vitis platform project

6.2.3 Set the file-path of the following files:

The Sysrooth path points to the workspace of your Vitis project.

— Sysrooth path:

VitisExample/ZedExample/export /ZedExample/sw/ZedExample/linux _domain /sysroot/
cortexa9t2hf-neon-xilinx-linux-gnueabi

The other two files are located in the installation path of your PetaLinux installation.
— Root FS: ...LINUXPATH.../linux/rootsfs.ext4
— Kernel image: ...LINUXPATH.../linux/image.ub

+J New Application Project O X

Domain E

Select a domain for your project or create a new domain

Select the domain that the application would link to or create a new domain

Note: Mew domain created by this wizard will have all the requirements of the application template selected in the next step

Select a domain Domain details

linux on ps7_cortexa9
inux_domain
=+ Create new...

nux on ps7_cartexa%
linux

ps7_cortexa9

Application settings

Sysroot path: ‘ ample\export\ZedExample\sw\ZedExample\linux_dome Browse...

Root FS: ‘ C\Users\larsk\ZedGate\SDK\linux\rootfs.ext4 Browse...

Kernel Image: ‘ C\Users\larsk\ZedGate\SDK\linux\image.ub ‘ Browse.
@ < Back Finish Cancel

6.2.4 Go on and choose either an empty application or for example the “Hello World
Application”.
— Now Build the project and see if no errors occur.

Please take care that the correct path of the files are selected. The shown pictures in
this guide are just examplary.
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6 Integration of the hardware design in a Vitis platform project

Afterwards the system can then be started via launch hardware and use of an USB-
cable. Carry out the following steps to set a destination with an IP address and a LAN
connection:

6.2.5 Open Debug configuration by clicking with the right mouse button on the applica-
tion project. Go to Debug as and open the Debug Configuration.

«J VitisExample - ExampleTest/ExampleTest.prj - Vitis IDE
File Edit Search Xilinx Project Window Help
n |8~ R~ EHFWHE O vigricaroy

. Explorer 3t | 2% § = 0 |[Jzedbample & ExampleTestsystem | % ExampleTest it |

~ [ ExampleTest_system | ZedExample |

~ {&F ExampleTest [ linux on ps7 cortexad 1 H ol Appllcatlon ProJECt Settlngs

3 Binaries  New i ——

i Includes  Move To System Project..

& Debug o Cutay  plectname: BxampleTest

aste b

-5 % Delete Delete ptform:  ZedExample |-

2 ide 5

o | Refresh P lime  [cioes

% Examplc

23 Import Seurces...
& BampleTe > main: linux on ps7_cortexad
4 Export as Archive
~ B ZedExample u: ‘ Fe—
o Build Project 2
. Clean Project [linux
> & logs €/C++ Build Settings dware Specification: View processors, memory ranges and peripherals.
= resources
« platformsy ~ Team t
[l platform.tc Run As 2
Debug As > £ 1Launch Hardware (Single Application Debug)
$ 2 Launch SW Emulator (Single Application Debug)
Properties Alt+Enter | T
P — — £ 3 Launch Hardware (Single Application Debug (GDB))
«J Assistant 221 ER4/R 0% 8 =0

Debug Configurations...

~ & BxampleTest_system [System!
{2} ExampleTest [Application]
“ Debug
4 Release

ZedExample [Platiorm] B Console zz]t; Problems [E] Vitis Log (@ Guidance

Build Console [ExampleTest, Debug]

arm-Linux-gnueabihf-gcc -LC:\Users\larsk\ZedGate\VitisExample\ZedExample\export\:

‘Finished building target: ExampleTest.elf’

"Invoking: ARM v7 Linux Print Size'

arm-linux-gnueabihf-size ExampleTest.elf |tee "ExampleTest.elf.size"
text data bss dec hex filename
1087 316 4 1407 57f ExampleTest.elf

"Finished building: ExampleTest.elf.size"

21:47:04 Build Finished (took 8s.248ms)
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6 Integration of the hardware design in a Vitis platform project

6.2.6 Add a new debug configuration by first clicking on Single Application Debug and
then clicking on the “New Configuration“ button, which is the paper with the plus
symbol. This creates a new configuration with the name Debugger PROJECTNAME-
Default.

«J Debug Configurations

Create, manage, and run configurations

Debug a program using Application Debugger.

Degeexay- Name: | Debugger_ExampleTest-Default
| ‘d New launch configuration i | ¥ Main DAppIication]@Target Setup]
~ % Single Application Debug

£ Debugger_ExampleTest-Default Debug Type: _Linux Application Debug

E Single Application Debug (GDRB)

Connection: .Linux Agent
4 SPM Analysis ! -

Note: TCF agent port should be used as por

Project: ExampleTest

6.2.7 Click on New behind Connection: Linuz Agent

%) Debug Configurations

Create, manage, and run configurations

Debug a program using Application Debugger.

CReBXBY-~ Name: | Debugger_ExampleTest-Default
Sgecificnicn | $§. Main [ Application| @ Target Setup] - Arguments] -} Envirunmenﬂ
~ %, Single Application Debug
%, Debugger_ExampleTest-Default Debug Type: | Linux Application Debug v
£ gj e ;
2% Single Application Debug (GDB) connection: R .

1 SPM Analysis
Note: TCF agent port should be used as port in the target connection (Defa

Project: ExampleTest

Configuration: Debug

[ Emulation
[] Performance Analysis
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6 Integration of the hardware design in a Vitis platform project

6.2.8 Type the IP address of the project that has been set while installing PetaLinux

and close the settings.

and run

Create,

Debug a program using Application Debugger.

CReEX BTV~
‘ type filter text

~ % Single Application Debug
£ Debugger_ExampleTest-Default

&, Single Application Debug (GDB)

% Target Connection Details

New Target Connection

Creates new configuration for connecting to a target.

EA SPM Analysis Target Name | Zedboard

[[]Set as default target

Type Linux TCF Agent

Specify the connection type and properties

Host [ 192,168,027

Port [ 1534

Advanced >>

@

Confirm the new settings with yes

Test Connection

6.2.9 By using Run as — Launch Hardware, the project is now loaded on the connected

device.

» VitisExample - ExampleTest/ExampleTest.prj - Vitis IDE

File Edit Search Xilinx Project Window Help
Bl 8~~~ OBt~ FvitthD
“L Explorer E@W BSm § =0 ‘ « ZedExample £ ExampleTest_system [% ExampleTest EZL
~ E ExampleTest_system [ ZedExample | ‘ . i . i
+ {¢} ExamnlaTact [liniw an nc? rartava0 1 tad Appllcatlo" PI'DjeCt Settlngs
., WP oo New >
. Bi = General
> @ Inc Move To System Project...
> = De Paste Cirl+V Project name: ExampleTest
> Esic B Delete Delete Platform: ZedExample
> 2 _id &1 Refresh F5 X
| Runtime: | C/C++
KB g Import Sources... =
A Exam i Export as Archive Domain: linux on ps7_cortexad
-
i ZedExany Build Project CPU: | cortex-a9
> & expor i
e Clean Project 0s: | linux
& logs C/C++ Build Settings Hardware Specification: View processors, memory ranges and periph
> B resou = 5
«J platfc cam
B platfc Run As > & 1 launch Hardware (Single Application Debug)
Debug As > & 2 Llaunch SW Emulator (Single Application Debug)
= %, 3 Launch Hardware (Single Application Debug (GDB))
Properties Alt+Enter

[\JAssistant Eﬁw EES%0% § =0 W

Run Configurations...
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6 Integration of the hardware design in a Vitis platform project

6.3 Use of Vitis Program in a Terminal

6.3.1 After the program has been loaded on the device, the system can be used. For this
a terminal has to be opened and the connection has to be established.

6.3.2 Connect to the IP-Address of the application.
— ssh root@192.168.0.1P
— Use admin as password

Windows PowerShell
Copyright (C) Microsoft Corporation. Alle Rechte vorbehalten.

PS C:\WINDOWS\system32> ssh root@192.168.0.27
root@192.168.0.27"'s password:

6.3.3 Type in the Remote File Path from the application to start your program. This
path can be found in the previous changed debug configurations under Application.

%) Debug Configurations

Create, manage, and run configurations

Debug a program using Application Debugger.

EeEX|BY-~ Name:| Debugger_ExampleTest-Default

e Wiliecied | # Main |[C] Application @ Target Setup ®- Arguments
~ & Single Application Debug
i Debugger_ExampleTest-Default
£ Single Application Debug (GDB)
1 SPM Analysis | Debug/ExampleTest.elf
Remote File Path:

Application
Local File Path:

run/media/mmcblk0p1/ExampleTest.elf

Working directory

| Jrun/media/mmcblkOp1
[ ] Use default

41



6 Integration of the hardware design in a Vitis platform project

6.4 Use of Remote screen for sessions

6.4.1 The use of a remote screen is very useful, to disconnect from the device without
cancelling the running program. To do so, the following commands have to be used after
connecting to the device and before starting the program.

— screen -R Example

FEzample is just a space holder and can be used as preferred. Just remember this name
for later reconnection.

This command opens up a new screen, in which commands to start the system can be
asserted.

6.4.2 To close the screen and disconnect without interrupting, these buttons have to be
clicked together.

— strg — a

And after that click

—d

6.4.3 Now the screen is closed and the program still runs on the device. To open up the
screen, the same procedure has to be done again with the name chosen during the initial
start.
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